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Amy M. Brown 

 
(ABSTRACT) 

 

The less-than-truckload (LTL) industry is highly competitive, with recent average profit margins 
less than 3%.  LTL shipments are routed through a network of service centers and hubs.  The 
performance of the entire LTL distribution network is highly dependent on the speed and 
accuracy of the hub operations.  The focus of this research effort is to improve hub operations in 
order to reduce costs and increase service performance levels.  Specifically, new approaches are 
investigated for assigning trailers to dock doors and sequencing the unloading of shipments at 
hubs. 
 
This thesis reviews current industry practices and available research literature on hub operations.  
Solution approaches for the trailer-to-door assignment and freight sequencing problems are 
presented along with case study results.  The main performance measures are bottleneck time, 
total labor time, and total travel distance. 
 
For the trailer-to-door assignment problem, also referred to as the hub layout problem, the three 
approaches investigated are the original approach, a semi-permanent approach, and a dynamic 
approach.  For the freight sequencing problem, the five approaches evaluated are trailer-at-a-
time, trailer-at-a-time with offloading, nearest neighbor within a group, nearest neighbor within a 
shared group, and nearest neighbor.  The approaches are implemented in C++ and analyzed 
using data from a regional LTL carrier. 
 
The case study results indicate that the dynamic layout performs significantly better than the 
original and semi-permanent layout for total distance, total labor time, and bottleneck time.  For 
total distance and total labor time, the dynamic layout with nearest neighbor sequencing is the 
preferred approach.  For bottleneck time, the dynamic layout with trailer-at-a-time with 
offloading performs best, while the nearest neighbor sequencing approach performs almost as 
well.  In general, the case study results indicate that a dynamic layout with either a trailer-at-a-
time with offloading approach or a nearest neighbor approach offers the largest potential for 
improvement. 
 
The assumptions and results of the hub layout and freight sequencing approaches are further 
evaluated using a simulation model.  The simulation model indicates that a dynamic layout with 
nearest neighbor sequencing offers the largest potential for improvement in a more realistic 
environment with probabilistic and dynamic events.  The simulation results also indicate that the 
trailer-at-a-time with offloading approach may need to be modified to account for more realistic 
dock conditions.  In summary, the approaches explored in this research offer significant 
opportunity to improve hub operations through reducing bottleneck time, total labor time, and 
total travel distance.
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IMPROVING THE EFFICIENCY OF HUB OPERATIONS  

IN A LESS-THAN-TRUCKLOAD DISTRIBUTION NETWORK 

  

CHAPTER I  

INTRODUCTION 

  

In the freight transportation industry, there are three types of carriers: parcel, truckload, and less-

than-truckload (LTL).  Parcel carriers focus on small shipments, usually less than 50 pounds.  

Parcel shipments are routed through a network of service stations and hubs and often rely on 

automatic sorting devices.  Truckload transportation is used when a shipment is large enough, or 

must reach the destination quickly enough, to dedicate an entire truck to the shipment.  In 

truckload freight transportation, the shipment goes directly from origin customer to destination 

customer.  LTL shipments are not large enough to justify dedicating an entire trailer to the 

shipment and are often too large to be moved through a parcel system.  LTL shipments are also 

routed through a network of service centers and hubs.  At the hubs, shipments from different 

customers to various origins are consolidated onto common trailers to better utilize the truck 

resource.  The focus of this research is on improving the efficiency of a less-than-truckload 

distribution network by focusing on hub operations.  This chapter introduces the LTL industry 

and LTL hub operations, provides motivation for the research in the LTL hub operation, and 

describes the organization of this thesis. 

 

1.1 LTL Industry Background 

From 1935 to 1980, the freight transportation industry was rigorously regulated.  In 1980, 

Congress passed the Motor Carrier Act of 1980, marking the beginning of trucking deregulation.  

The industry continued to undergo deregulation until 1994, when the Trucking Industry Reform 

Act eliminated remaining economic regulations.  The industry is no longer regulated in issues 

such as which routes each firm can serve, what each firm can haul, and the rates each firm can 

charge [32]. 
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Since deregulation, the LTL industry has become one of the most competitive industries in the 

United States.  From 1976 to 1993, the number of LTL carriers dropped from 528 to 108, 

representing an 80% decrease [11].  Average profit margins for the trucking industry are below 

3% [32].  The general trend for carriers in adjusting to the new market environment is to change 

strategic policy and improve operating efficiency.  Strategic policy may involve creating a niche 

market or trying to capitalize on economics of scale.  Improving operating efficiency has 

typically focused on reducing miles traveled by improving the network paths and reducing cost 

per mile by obtaining better equipment.   

 

In addition to better equipment, such as trucks and trailers, LTL carriers have obtained better 

information systems.  Many LTL carriers have implemented the use of scanners for tracking 

freight.  The improved information transfer systems allow better communication between 

employees and departments and also provide freight tracking services for the customer.  The 

result is fewer data entry errors and increased data available to further improve system operations 

in a timely manner. 

 

The transportation network for an LTL freight carrier often consists of service centers and hubs.  

Trucks that carry freight for multiple destinations do not go directly from origin service center to 

destination service center but are routed through hubs.  At the hub, the freight shipments on the 

trucks are unloaded, and shipments are re-assigned and consolidated to outbound trucks going to 

the correct destination.  Since the performance of the entire transportation network is dependent 

on the loading and unloading speed and accuracy of the hub operation, the hub operation is a 

critical component of improvement initiatives.  The focus of this research effort is to improve 

hub operations in order to reduce costs and increase service levels.   

 

1.2 Hub Operation Background 

Typically, shipments are transported from origin service centers to the appropriate hub location 

each afternoon.  During the night, trailers that have arrived at the hubs are unloaded.  These 

trailers are referred to as origin trailers.  Departing trailers, referred to as destination trailers, are 

loaded with appropriate shipments for the service centers.  After a destination trailer is loaded, 

 2



the trailer is dispatched to a destination service center, where the freight will be distributed to the 

customer.  Two important decisions for managing a hub location are: where to place origin and 

destination trailers at the dock and how to unload the trailers.  The following sections review the 

current practices for both of these decisions. 

 

1.2.1 Physical Layout 

A hub is typically a rectangular dock with multiple dock doors on each side that are used for 

loading and unloading.  The dock is generally 50 to 100 feet wide and 1000 feet long, with the 

number of doors on a dock ranging from 20 to 200.  Doors are typically designated as strip or 

stack doors.  The strip doors are for origin trailers, whose contents will be emptied.  The stack 

doors are for destination trailers, which will be filled at the hub.  Stack doors are often pre-

assigned for a specific destination.  For example, a stack door might be designated as the 

Nashville door and only Nashville destination trailers will be assigned to that door.  Strip doors 

are not typically pre-assigned to a specific origin.  When a trailer arrives at the hub it is assigned 

to an open strip door.  If multiple strip doors are available, the trailer is typically assigned as 

close as possible to the stack doors corresponding to the majority of the origin trailer’s freight.   

 

Figure 1 illustrates a typical hub dock.  In this figure, dark rectangles represent destination 

trailers at stack doors, and their destination is assigned.  Clear rectangles represent origin trailers 

at strip doors, and there is not a designated origin for the strip doors. 
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Figure 1.  Typical Hub Dock 
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1.2.2 Assignment of Trailers to Dock Doors 

Currently, the assignment of trailers to dock doors is based on historical data and extensive 

experience, rather than actual shipping operations occurring that evening.  Although some 

heuristics are available to aid dock employees in designating doors as strip or stack, assigning 

destinations to stack doors, and assigning arriving trailers to strip doors, these approaches are not 

widely used.  When heuristics are used, they often depend upon the judgment and experience of 

dock employees.   

 

Many hubs also serve as local service centers.  A local service center handles freight that has 

arrived at its final destination city or is about to leave its origin city.  Freight leaving the service 

center for another service center or hub is referred to as outbound freight.  Freight leaving the 

service center for its final destination is referred to as inbound freight, since it is coming into its 

final destination city.  Inbound freight is unloaded from trailers and reloaded onto trucks that will 

make the final delivery.  The freight is loaded onto the final delivery truck, so that as each stop is 

made, the employee can take the freight from the back of the trailer and continue to the next stop, 

without backtracking.  At an inbound service center, freight must sometimes be placed on the 

floor of the dock, until the appropriate trailer is ready to be loaded, or the freight can be loaded in 

correct sequence.  This adds two components to the hub operations.  First, dock doors sometimes 

switch from a hub door to an inbound door during the course of the night.  This creates a hub 

facility that may change during the course of the night, due to factors outside the hub operation.  

Second, freight is often placed on the dock floor and may create congestion.   

 

1.2.3 Unloading and Loading the Shipments 

Currently, a dock employee at a hub receives a manifest listing all the shipments on an origin 

trailer.  The dock employee removes a shipment from the origin trailer and transports it on a 

forklift to the appropriate destination trailer.  The dock employee then returns to the origin trailer 

with an empty forklift to unload the next shipment on the manifest.  This unloading process, 

referred to as trailer-at-a-time, continues until an entire trailer is unloaded.  After the origin 

trailer is empty, the employee is issued a new manifest for another trailer.  With this approach 

the employees are assigned to a trailer and unload all the shipments on the trailer in the order in 

which they appear in the trailer. 
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When an employee moves a shipment from origin trailer to destination trailer, they may move 

multiple handling units at one time, or they may take multiple trips to move one shipment.  A 

shipment is the total freight from one customer.  For example, suppose a customer ships two 

pallets with ten TV’s on each pallet.  This is considered one shipment with twenty pieces and 

two handling units.  In this case, the employee will probably make two trips, one for each 

handling unit, or the employee may carry both handling units on one trip. 

 

Estimating the distance to move a shipment generally involves weight or number of trips.  With a 

weight based approach, the distance is estimated using a weighted distance measure.  If one of 

the handling units weighs 500 pounds, while the other weighs 1000 pounds, the weighted 

distance measure would put twice as much importance on the 1000-pound shipment, even though 

both shipments required a single trip and the same amount of work to move.  Handling units 

more accurately reflect the number of trips required to move a shipment, as opposed to assuming 

each shipment is moved in one trip or weighted distance.  If two handling units must be moved 

from an origin trailer to a destination trailer, each handling unit requires one trip.  The distance 

for a trip can then be approximated by measurements from the dock. 

 

The unloading activities can create congestion and blocking.  A forklift driver unloading or 

loading freight at a trailer blocks the other forklift drivers from activity at that trailer.  With the 

current unloading and loading method (trailer-at-a-time), blocking only occurs when two or more 

drivers arrive at the same destination trailer at the same time.  Blocking does not occur at the 

origin trailer, since only one employee is unloading from an origin trailer.  

 

Often freight in a hub must be placed on the dock floor.  When a piece of freight is placed on the 

dock floor it is referred to as “zoned out.”  This is because there are zones in front of each door 

that can accommodate freight until it is loaded onto a destination trailer.  Zoning out freight 

occurs when the correct destination trailer is not ready for loading, or the freight is classified as 

ugly freight.  Ugly freight is freight that does not pack well into a trailer.  Placing ugly freight on 

a trailer first may limit the total shipments that can be placed on the trailer.  Therefore, ugly 

freight is loaded on a trailer when it will create the least amount of problems for loading other 
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shipments, which is usually after all other shipments are loaded.  The ugly freight is placed on 

the dock until it can be loaded onto the correct trailer.  Placing freight on the dock floor creates 

congestion.  Congestion can cause travel aisles to be partially or completely blocked.  Blocked 

travel aisles force forklift drivers to travel along aisles that may not be the shortest route.  

Partially blocked aisles force forklift drivers to slow down, since the aisles may not be wide 

enough for forklifts to travel in both directions. 

 

1.3 Motivation of Research 

The competitive nature of the LTL industry creates a demand for reduced costs and improved 

service.  The problem of minimizing the distance traveled by freight through the entire network 

has been researched as one method for decreasing costs and improving service.  While 

improvements may be made by continuing to study this problem, additional improvements may 

be realized by reducing the time freight spends at the hub operations.  The less time freight 

spends at the hub, the faster it will reach the destination service center and the less likely it is to 

get lost or damaged.  When city trucks leave the destination service center, any freight not at the 

service center will not make it to the final customer on that delivery route.  Thus, an hour saved 

at the hub operation may result in freight reaching the customer up to a day earlier, since the 

freight will arrive at the destination service center in time to go out on the city trucks.  In the 

LTL industry, offering service one day sooner than competitors could result in a major increase 

in market share. 

 

One result of the competitiveness of the LTL industry is an abundance of real time data.  

Customers expect to know where their freight is in the system, thus many LTL carriers have 

invested in electronic data interchange (EDI) equipment.  EDI is used to provide the customer 

with information, provide billing information, and support operation-planning efforts.  For 

example, many carriers use hand held scanners to read bar codes attached to freight.  This 

information is tracked so that carriers and customers can locate the most recent location of 

specific freight.  While an abundance of information about the freight being moved through the 

hub operations is available, it is currently not frequently used for improving operations. 
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Averitt Express is a full service trucking company offering less than truckload, expedited, 

truckload, dedicated, and international transportation services.  Currently much of Averitt’s 

business is less-than-truckload deliveries.  To facilitate operations, Averitt operates 13 hub 

locations and 80 service centers, mainly in the southeast.  Averitt would like to improve hub 

operations by re-designing how trailers are assigned to doors and how dock employees are 

assigned shipments to unload.  Currently Averitt assigns trailers to doors by geographical area or 

by assigning all origin trailers to one side of the dock and all destination trailers to the other side.  

Averitt currently unloads shipments trailer-at-a-time.  Improvements at hub operations offer 

significant opportunity for Averitt and other similar freight companies for reducing costs and 

increasing service levels. 

 

1.4 Organization of Thesis 

The goal of this research is to improve the efficiency of hub operations in an LTL distribution 

network by developing a solution approach for assigning trailers to dock doors and sequencing 

the unloading of freight.  An overview of the LTL industry and hub operations has been 

presented in Chapter I.  A more detailed problem description and formal problem statement are 

presented in Chapter II.  Chapter III reviews the available research in LTL hub operations.  

Chapter IV describes the solution approaches, and Chapter V reviews results of the solution 

approaches tested with case study data. Chapter VI summarizes the results and conclusions of 

this research.  The final chapter also discusses areas of future research for LTL hub operations.   
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CHAPTER II  

PROBLEM DESCRIPTION 

2.1 Problem Overview 

This thesis focuses on two areas for improving the efficiency of an LTL hub operation.  The first 

is assigning trailers to dock doors and the second is determining a freight unloading sequence 

approach.  The primary objective is to minimize the time window required to transfer all 

shipments from origin trailer to the correct destination trailer.  The time window represents the 

time required to move all freight through the hub on a nightly basis.  A secondary objective is to 

reduce the total labor hours, also referred to as total time, which represents a reduction in labor 

costs.  A final measure considered is the total travel distance for consistency with previous 

research, since most previous research is based on a distance measure. 

 

An efficient assignment of trailers to dock doors can reduce the total time requirement by placing 

inbound freight closer to its destination trailer.  If an origin trailer is assigned to a door close to 

the destination trailers corresponding to the majority of the origin trailer’s freight the travel 

distance is reduced.  The assignment of trailers to dock doors is related to the Quadratic 

Assignment Problem (QAP) [33] since the cost of assigning a trailer to a dock door is dependent 

on the assignment of other trailers.  When the QAP relates to a facilities layout problem, “the 

objective is to find an assignment of all facilities [trailers] to all locations [doors] . . . such that 

the total cost of the assignment is minimized” [23].  The QAP is NP-complete, which indicates it 

is hard to solve in a reasonable amount of time for realistic size problems [21].  Since the QAP 

can be a complex problem to solve, heuristic approaches have been developed to obtain good 

solutions quickly [8][21][23].  The trailer-to-door assignment problem is also referred to as the 

hub layout problem in this research. 

 

For sequencing the unloading of freight, a dock employee at an LTL hub currently unloads an 

entire trailer one shipment at a time.  The dock employee removes freight from an origin trailer 

and takes it to the appropriate destination trailer.  The dock employee then returns unloaded to 

the same origin trailer for the next piece of freight and continues to work on the same trailer until 

it is completely unloaded.  An alternative to the trailer-at-a-time approach is to sequence the 
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unloading operations.  In this case, the employee might unload a shipment from an origin trailer, 

transport it to the destination trailer, and then go to another origin trailer for the next piece of 

freight.  Using this alternative approach may minimize the unloaded travel time and thereby 

reduce the total time required to unload and load a set of freight.  This alternative also has the 

opportunity to reduce the time window by reducing the number of shipments the bottleneck 

employee must handle.  This approach would require decisions about what shipment should be 

unloaded next after an employee has finished loading a shipment onto a destination trailer.  The 

sequencing of unloading and loading of freight shipments is also referred to as the freight 

sequencing problem in this research. 

 

The freight sequencing problem is related to the Traveling Salesman Problem [17] with multiple 

salespersons visiting multiple cities.  According to Lawler et al., “the TSP is the most prominent 

of the unsolved combinatorial optimization problems” [17].  The TSP is NP-complete but 

heuristics are available that address the TSP [17][28].  A major difference in the LTL freight 

sequencing problem and a typical TSP is that every other trip by a dock employee is pre-

determined.  Since all freight must go from its origin to the correct destination, the primary 

decision is where a dock employee should travel immediately after unloading a shipment.  The 

LTL freight sequencing problem also allows multiple dock employees to visit the same city, 

whereas the goal of the TSP is typically to have each city visited on a tour by only one 

salesperson. 

 

2.2 Problem Statement 

This research focuses on developing a solution approach to determine the assignment of trailers 

to doors and the sequence freight will be unloaded with the objective of minimizing the total 

time window.  If multiple employees are simultaneously unloading and loading a set of trailers, 

the total time window required is dictated by the maximum time for any employee to unload and 

load a set of shipments.  While the primary objective is to minimize the time window, the impact 

of solution approaches on total labor time and total travel distance are also evaluated.  The 

problem statement for the trailer-to-door assignment problem and freight sequencing problem is 

shown in Figure 2. 
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Trailer to Door Assignment and Freight Sequencing Problem Statement 

en the following: 

1. Freight characteristics 
a. Weight 
b. Number of handling units 
c. Origin and destination 

2. Number of dock doors 
3. Travel distance between dock doors 
4. Approximate speed of forklift 
5. Number of dock employees 

rmine the assignment of trailers to doors and the sequence that freight should be

aded to minimize the time window required to move freight from a set of origin 

ers to the correct destination trailers. 
Figure 2.  Trailer-to-Door Assignment and Freight Sequencing Problem Statement 

lowing assumptions are made in addressing this problem: 

• All origin and destination trailers are available at the initial time and are available 

throughout the evening; 

• Doors are available for all trailers; 

• Only one trailer will be assigned to a door; 

• All workers are available at the initial time; 

• The travel distance between dock doors is known; 

• The unload and load times are constant; 

• The forklift travel speed is constant; 

• One trip is required for one handling unit; and 

• All handling units in the same freight shipment are assigned to the same forklift 

employee. 

er explain the problem statement, a formal mathematical model is presented in the 

ng section. 

10



2.3 Mathematical Model of Problem 

A formal presentation of a mathematical model that combines the trailer-to-door assignment with 

the sequencing problem is presented in this section, along with a discussion of the model.  The 

notation and performance measures used in this mathematical model are presented first.  Then 

the combined trailer-to-door assignment and freight sequencing model is developed, followed by 

individual models for each of the problems.   

 

2.3.1 Notation and Performance Measures 

The primary performance measure is bottleneck time, although total labor time and total travel 

distance are also measured.  This section defines the notation as well as the three performance 

measures. 

 

2.3.1.1 Notation 

The following indices are used for the notation: 

ba,
w

ts,
po,n,m,

lj,
ki,

f
                

  

units; handlingdummy for  indices
);,...,1( for workerindex 

);1,...,( units handlingfor  indices
);1,...,( doorsdock for  indices
);1,...,( trailer ndestinatiofor  indices

);1,...,( trailer originfor  indices
shipment;freight for index 

Ww
HUts,

Mpo,n,m,
Jlj,

Iki,

=
=

=
=

=

 

The following parameters are known before the trailer-to-door and freight sequencing 

assignments are made: 

ld
ud
dmn

  
 trailer;ndestinatioa  ontounit  handling singlea  load  totime

 trailer;origin an fromunit  handling singlea  unload  totime
door   todoor  from distance

=
=
= n;m



= otherwise;  0

 trailer ndestinatio  to trailer origin from ed transferrbe  tois unit  handling if  1 jisbsij  



= otherwise;  0

shipment freight   toelongsb unit  handling if  1 fsgsf  
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fHU
HU

.)     that (suchshipment freight  in units handling ofnumber 
and units; handling ofnumber  total

∑ ∀==
=

s
sff fgHU f  

The following notation includes the decision variables used in the trailer-to-door and freight 

sequencing assignments:   



=



=



=



=



=

otherwise.  0
 worker  toassigned is shipment freight  if  1 

and otherwise;  0
 worker  toassigned is unit  handling if  1

otherwise;  0
unit  handlingby  followed unit  handling s transport worker if  1

otherwise; 0
door   toassigned is  trailer ndestinatio if  1

otherwise;  0
door   toassigned is  trailer origin if  1

wfv

wsy

tswz

mjx

mix

w
f

w
s

w
st

jm

im

 

 

For the hub layout problem, the primary decision is the assignment of trailers to dock doors 

( ).  For the freight sequencing problem, the primary decision is the assignment of handling 

units to workers and the sequencing of freight transfers ( ).   

imx

w
stz

 

2.3.1.2 Bottleneck Time 

For a given hub layout, an employee w travels the following distance: 

 

( ) )( Distance w
stkojnimnomntklsij

s t i j k l m n o
w zxxxddbb += ∑∑∑∑∑∑∑∑∑   (2-1) 

 

Assume handling unit s needs to be transferred from origin trailer i to destination trailer j (bsij=1) 

and handling unit t needs to be transferred from origin trailer k to destination trailer l (btkl=1).  

Assume trailer i is assigned to door m, trailer j is assigned to door n, trailer k is assigned to door 

o, and trailer l is assigned to door p.  If worker w transfers handling unit s followed by handling 

unit t ( =1), then the worker will travel loaded with handling unit s from door m to door n and 

unloaded from door n to door o, which results in a distance of d

w
stz

mn+dno.   
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Equation (2-1) assumes that there is no distance associated with employee w going to his or her 

first origin trailer or from his or her last destination trailer.  This research assumes that an 

employee starts at his or her first origin trailer and ends at his or her last destination trailer.  The 

expressions can easily be modified to include the travel distance from a central location, if 

desired. 

 

The distance traveled by employee w can be converted into a travel time by dividing the distance 

by the travel speed.  The travel time for forklift w is: 

 

( )






 +

= ∑∑∑∑∑∑∑∑∑ w
stkojnim

nomn
tklsij

s t i j k l m n o
w zxxx

v
ddbb  Time Travel  (2-2) 

 

In addition to time due to travel, there is also a time requirement for unloading freight from the 

origin trailers and loading freight onto the destination trailers.  The time spent unloading and 

loading freight for employee w is: 

( )( )[  
s t

∑∑ + w
stzldud ]  (2-3)  

 

Using the above notation, the total time spend by employee w is given as: 

( )

( )( )[ ]∑∑

∑∑∑∑∑∑∑∑∑

+

+





 +

=

s t

w
st

w
stkojnim

nomn
tklsij

s t i j k l m n o
w

zldud

zxxx
v

ddbb

                                               

  Time

 (2-4) 

 

As discussed in the previous section, the primary objective of this research is to minimize the 

bottleneck time.  The bottleneck time is defined as: 

 

{ wwmax TimemaxT = } (2-5) 

            or 
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 +

=

∑∑

∑∑∑∑∑∑∑∑∑

s t

w
st

w
stkojnim

nomn
tklsij

s t i j k l m n o

wmax

zldud

zxxx
v

ddbb

                                               

  

maxT  (2-6) 

 

The bottleneck time represents the time required by the employee with the largest workload and 

is also referred to as the time window in this research.  Assuming that all employees begin 

working at the same time and the correct trailers are always available to the employees, the 

bottleneck time is equivalent to the time window required to transfer freight from a set of origin 

trailers to the correct destination trailers. 

 

2.3.1.3 Total Distance 

Given a solution to the trailer-to-door assignment and freight sequencing problems, the total 

travel distance can be evaluated by: 

 

∑=
w

wDistance DistanceTotal  (2-7) 

 

where Distancew is defined by equation (2-1).  When equation (2-1) is summed over all workers, 

the total distance required to transfer a set of shipments is captured.  Thus, the total distance can 

be expressed as: 

 

( ) )(  DistanceTotal ∑∑∑∑∑∑∑∑∑∑ +=
w

w
stkojnimnomntklsij

s t i j k l m n o

zxxxddbb  (2-8) 

 

2.3.1.4 Total Time 

The total distance is converted to a total travel time by dividing by the velocity of the forklift, v.  

The time for unloading handling units from origin trailers and loading them on the destination 

trailers is also included ((ud+ld)HU)) to capture the total labor time measure.  Thus, the total 

time can then be expressed as: 
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( )HUldud

zxxx
v

ddbb w
stkojnim

nomn
tklsij

w s t i j k l m n o

+

+





 +

= ∑∑∑∑∑∑∑∑∑∑

                                                           

  )( Time Total

 (2-9) 

 

Time studies at the Greensboro hub indicate there may be a difference between unloaded and 

loaded travel speeds, but the solution approaches presented here assume an average travel speed.  

An average travel speed was used because there was not enough data to confirm that the 

difference between the two speeds was significant.  Using an average travel speed for both 

unloaded and loaded travel is also the common approach found in the literature review [5][14]. 

 

2.3.2 Mathematical Formulation of Combined Problem 

Given the problem assumptions, notation, and performance measures presented above, the 

problem addressed in this research can be formulated as shown in Figure 3.  The objective 

function (2-10) minimizes the time required by the bottleneck employee.  Expression (2-11) 

captures the bottleneck time since Tmax ≥ Timew for all employees w.  Expression (2-12) ensures 

that each origin trailer i is assigned to a door m.  Expression (2-13) ensures that each destination 

trailer j is assigned to a door m.  Expression (2-14) ensures that each door m is assigned at most 

one trailer, either origin or destination.  The next constraints ensure each handling unit is 

scheduled only once for some worker w.  Each worker begins with dummy handling unit a and 

ends with dummy handling unit b.  The current formulation assumes the distance from the 

dummy handling unit to the frist handling unit is zero.  Thus, each worker essentially begins at 

the origin trailer containing his or her first handling unit.  Expression (2-15) ensures that 

handling unit t is either the first handling unit after the dummy handling unit a, or it is scheduled 

later after another handling unit s.  Expression (2-16) ensures that handling unit s is followed by 

another handling unit t or is the last handling unit and is followed by the dummy handling unit b.  

Expressions (2-17) and (2-18) ensure that there are W starting handling units that follow dummy 

handling unit a and W ending handling units that precede dummy handling unit b, since there are 

W forklift workers.  Expression (2-19) ensures worker w is assigned to only one arc leaving the 

dummy handling unit a, such that each worker only has one starting handling unit.  Expression 

(2-20) ensures worker w is assigned to only one arc going to the dummy handling unit b, such 
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that each worker is assigned to only one ending handling unit.   Expressions (2-21), (2-22), and 

(2-23) ensure that handling units s and t are assigned to worker w, if worker w is scheduled to 

move handling unit s followed by handling unit t.  Expressions (2-24) and (2-25) ensure that all 

handling units in freight shipment f are assigned to the same worker w.  Expression (2-26) 

ensures the variables are binary. 

 

The formulation given in Figure 3 does not consider precedence constraints of handling units.  

The mathematical formulation presented in this research assumes that any handling unit can be 

assigned to any employee in any order.  In reality, some shipments cannot be removed from an 

origin trailer, until other shipments surrounding them have been removed.  Adding precedence 

constraints to this mathematical model is an area for future research. 

 

Minimize Tmax (2-10) 

 
Subject to: 
 

( )

( )( )[ ] wzldud

zxxx
v

ddbb

s t

w
st

w
stkojnim

nomn
tklsij

s t i j k l m n o
max

∀++







 +

≥

∑∑

∑∑∑∑∑∑∑∑∑

                                                        

  T

 (2-11) 

   
    (2-12) ix

m
im ∀=∑                         1

    (2-13) jx
m

jm ∀=∑                         1

    (2-14) mxx
I

i

J

j
jmim ∀≤+∑ ∑

= =

            1
1 1

    (2-15) tzz
w s

w
st
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Figure 3. Optimization Problem for Minimizing Bottleneck Time 
(continued from previous page) 

 

An alternative formulation would be to minimize the total labor time.  The total labor time is the 

sum of time for each employee w and is defined by expression (2-9).   

 

Either problem formulation results in a very complex optimization problem, which includes 

characteristics of the classical quadratic assignment problem and traveling salesman problem.  

Full enumeration is not a feasible solution, due to computational time.  Given the complexity of 

the model, and the variability and number of unknowns in the system, the trailer-to-door 
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assignment and freight sequencing problems are addressed as separate problems.  The 

formulations for these two separate problems are given in the remainder of this section. 

 

2.3.3 Trailer-to-Door Assignment 

For the hub layout problem, the primary decision is the assignment of trailers to dock doors (xim).  

At the time the hub layout decisions are made, the assignment of shipments to workers and the 

order that freight will be unloaded is not known.  Thus, for the hub layout problem, this research 

will assign trailers to dock doors with the objective of minimizing the approximate total travel 

distance to transfer all the freight. 

 

The hub layout formulation contains the same assumptions as those used for the full formulation 

with two additional assumptions.  The first is that trailer-at-a-time unloading is used.  The second 

is that for the last shipment on an origin trailer, the distance to go from the correct destination 

trailer to a new origin trailer can be estimated by using the distance required to return to the same 

origin trailer that the employee was unloading.  This assumption is discussed in more detail in 

Section 4.2.  The total travel distance with these assumptions is expressed as: 

 

∑∑∑∑∑=
s i j m n

jnimmnsij xx2db ))((   DistanceTotal eApproximat  (2-27) 

 

With these assumptions, the hub layout problem can be formulated as shown in Figure 4.  The 

objective function (2-28) minimizes the total distance.  The constraints are also given in Figure 3 

and are discussed in Section 2.3.2 with the combined trailer-to-door and freight sequencing 

assignment problem. 
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Figure 4.  Optimization Problem for Trailer-to-Door Assignment Problem 

 

2.3.4 Freight Sequencing Problem 

For a given hub layout, the freight sequencing problem can be formulated as shown in Figure 5.  

The assignment of trailers to dock doors is known and the primary decision is the sequence of 

freight unloading for each worker ( ).  The freight sequencing problem primarily impacts the 

bottleneck time by balancing the workload across the employees and minimizing unloaded travel 

time.  Thus, the objective function is to minimize bottleneck time.  The freight sequencing 

problem is formulation in Figure 5.  The objective function and constraints are discussed in 

Section 2.3.2. 

w
stz
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2.4 Description of Research Strategy for Addressing Problem 

The trailer-to-door assignment and freight sequencing problem are addressed through the 

following activities: 

• Review literature related to problem and/or proposed solution approach; 

• Develop estimator function as an approach for estimating travel distance, bottleneck 

time, and total labor time; 

• Develop solution approaches for assigning trailers to doors; 

• Develop solution approaches for determining freight unloading sequence on a nightly 

basis; 

• Implement solution approaches in C++ on a personal computing workstation; 

• Test and evaluate solution approaches using data from an LTL carrier; 

• Compare results of solution approaches using a non-parametric statistics test; 

• Develop simulation model to explore impact of assumptions and test approaches in a 

more realistic environment; and 

• Summarize findings and make recommendations for future research. 

These activities are discussed in further detail in the remainder of this section. 

 

A review of the related literature examines existing solution approaches to the trailer-to-door 

assignment and freight sequencing problem.  The literature review also evaluates the 

assumptions of previous research in this area and determines the effectiveness of the various 

existing solution approaches.   

 

The total travel distance, total labor time, and bottleneck time estimator functions are developed 

and used to evaluate potential solution approaches.  This estimator functions approximate the 

distance required to unload freight from a set of origin trailers and load freight onto the correct 

destination trailers for a given hub layout and freight unloading sequence.  The functions 

consider the freight characteristics, along with typical dock conditions.  The distance obtained is 

then divided by average forklift speed and added to unload and load times to obtain an estimate 

of total labor time and bottleneck time. 
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The solution approaches build on previous research in the hub layout problem and add new 

approaches to the freight sequencing problem.  A semi-permanent layout, that changes every 

three to six months and is based on average freight data, is compared to a dynamic layout, which 

changes every night to accommodate the exact freight mix.  None of the literature reviewed 

addresses the freight sequencing problem.  Since both the trailer-to-door assignment and freight 

sequencing problem are NP complete, heuristics are developed to find solutions to these 

problems in a reasonable amount of time. 

 

The solution approaches are implemented in C++.  Data from the regional LTL carrier Averitt 

Express are used to further understand current approaches and test the solution approaches.  

Averitt Express has provided data from its Greensboro, NC, hub operation, which has 64 doors 

and moves approximately 250 shipments per evening.   

 

A detailed simulation model is developed to evaluate the final results of the hub layout and 

freight sequencing problems.  The simulation model provides an estimate of the time window 

and labor time required to unload a set of origin trailers in a more realistic environment.  The 

simulation model is used to further evaluate the performance of the various solution approaches.  

The simulation model and analysis of simulation results are briefly discussed in the results 

chapter and presented in detail as an appendix to this research, located in Appendix A.   

 

The results from the proposed solution approaches are compared to current practices using case 

study data.  Final results and conclusions of this research are presented and discussed, along with 

areas for future research. 
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CHAPTER III  

LITERATURE REVIEW 

 

This section reviews the literature related to the assignment of trailers to doors and sequencing 

the unloading and loading of freight at an LTL hub.  The first section addresses the problem of 

assigning trailers to dock doors.  Since no literature was found that addresses the sequencing of 

freight unloading operations at an LTL hub, the second section reviews literature on general 

sequencing problems and similar problems in other industries.  The final section presents a 

summary of the literature. 

 

3.1 Trailer-to-Door Assignment 

The LTL hub layout problem is defined as assigning trailers to available dock doors, with the 

location of the dock doors being fixed [5][6][13][14][34][35].  A few authors address how to 

determine the trailer to door assignment of an LTL dock, also referred to as the hub layout 

problem.  The remainder of this section reviews the literature specifically relating to the LTL hub 

layout problem. 

 

Peck [24] performed the earliest work in LTL trailer to door assignments and provides a detailed 

analysis of LTL hub operations.  Peck’s work provides three main contributions to LTL hub 

operations.  The first contribution of Peck’s work is the concept of a floating dock.  At the time 

of Peck’s research, the layout of a LTL terminal was fixed, and the dock was partitioned into 

sections by geographical area.  Using this partitioning approach, inbound trailers were assigned 

to any open door, and freight was unloaded, taken to the correct geographical section, and placed 

on the dock floor.  Outbound trailers were assigned doors near the section that contained most of 

their freight.  Peck’s work proposes a floating dock, in which the layout is constantly changing.  

The floating dock accommodates what is now referred to as cross-docking, unloading directly 

from one trailer and re-loading onto the destination trailer.  To accomplish the floating dock 

concept, comprehensive information about the trailers, workers, and freight must be available in 

an “essentially instant” [24] manner.  At the time of Peck’s research, this amount of information 
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was not available in a timely manner.  Currently, technology is available to meet the information 

needs Peck describes. 

 

The second contribution of Peck’s work is a heuristic to assign trailers to dock doors.  Peck 

analyzes six different integer-programming models with the objective of minimizing costs.  Each 

of the models is formulated using different assumptions.  Peck presents the Greedy Balance 

Algorithm (GBA) for solving the assignment problem.  The GBA is a two-phase algorithm.  The 

first phase finds a feasible solution, while the second phase performs pair-wise interchanges, 

until no further improvements can be made. 

 

The third contribution, and main focus of his PhD thesis, is a detailed simulation of activities at 

an LTL hub.  Peck’s model covered four areas of the terminal: 

1. The physical location of doors on a dock; 

2. The characteristics of a terminal’s material handling system; 

3. A description of freight; and 

4. Worker activities. 

 

To test the simulator and possible policies, Peck also developed a method for creating a database 

of freight information.  Peck refers to this as the Load Generator, and uses information from the 

Interstate Commerce Commission to generate freight mixes independent of the carrier.  Peck 

uses a load generator to insure that the solution is a generally good solution for all LTL carriers 

instead of one carrier with specific freight characteristics. 

 

Tsui and Chang [34] model the problem of assigning specific origins and destinations to 

receiving and shipping doors as a mathematical programming model, with the objective of 

minimizing the distance traveled by forklifts.  In their research, the layout of strip and stack 

doors is assumed fixed, but the assignments of trailers to those doors can be controlled.  Tsui and 

Chang base the model on a distribution of freight from every origin.  For example, the average 

freight from an origin over a time horizon is the freight distribution used for every trailer from 

that origin.  The objective function considers the number of trips between two doors multiplied 

by the distance between two doors.  They present a heuristic approach to solve the problem.  The 
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authors did not report testing this algorithm on any data, but conclude that this tool can serve to 

aid dock employees with the trailer to door assignment decision.  The authors emphasize this tool 

should be used in conjunction with employee judgment.   

 

In a later publication, Tsui and Chang [35] use a branch and bound technique to find an optimal 

solution to the model presented above.  This approach was tested on randomly generated data, 

and reasonable sized problems took a long time to solve.  Tsui and Chang state “further research 

is needed to prune the candidate problems at some early stage, so that larger problems can be 

solved within a reasonable amount of time” [35]. 

 

Gue [14] performed comprehensive research in the trailer-to-door assignment problem.  Gue’s 

research accomplishes the following: 

1. Provides three different models of freight flow in order to test the quality of a solution 

using different levels of detail; 

2. Creates a model of an LTL dock operation to estimate the number of labor-hours 

required to move freight from a set of incoming trailers to the correct outgoing trailer; 

3. Provides an algorithm to assign trailers to dock doors with the goal of reducing labor 

costs; 

4. Creates three layouts for each of the three models of freight flow based on real data; 

and 

5. Tests each layout to evaluate the performance of the algorithm and the advantages of 

each model of freight flow. 

 

Gue [14] modeled the freight flow as average trailer, biased trailer, and specific trailer.  The 

average trailer model assumes every incoming trailer has identical freight.  The type of freight on 

the average trailer is determined by evenly distributing all freight that comes into a hub over all 

trailers arriving at that hub.  The biased trailer has a more than average amount of freight for 

some destinations and a less than average amount for others.   The biased origin trailer is 

assigned as close as possible to the destination trailer that matches the majority of the incoming 

freight.  The specific trailer model assumes all information about incoming trailers is known in 

 25



advance for assigning incoming trailers to specific doors based on the exact freight that will be 

arriving. 

 

Gue [14] proposes a model for reducing labor costs that considers both operator travel time and 

operator waiting time.  Previous models have minimized costs by reducing travel time, but do 

not consider that an operator may have to wait due to forklift blocking and congested floor space.  

Gue modeled forklift blocking, also referred to as forklift interference, using single server queues 

at each door.  The delivering and passing customers are the forklifts that want to deliver to that 

door or get by that door.   

 

In addition, congested floor space, resulting from freight on the dock, can impact travel time.  

Gue addresses this issue by putting a maximum amount of allowable pressure at each dock door.   

Gue assumes a higher flow to a destination will result in higher number of shipments placed in 

the zone in front of the destination door.  Gue defines pressure as freight flow bound for a 

destination, analogous with force, per unit area in front of that destination, plus freight flow from 

the adjacent zones when the adjacent zones are above their maximum allowable pressure.  

Adjacent zones are considered in the pressure equation, because if a destination’s zone is full, 

employees often place freight on the dock floor in adjacent zones.  Gue proposes using the 

maximum pressure constraint to determine when one destination will be assigned two adjacent 

doors.  

 

Gue’s algorithm, which is referred to as the Two-Block Algorithm, makes an initial assignment of 

trailers to dock doors based on travel distance, and then uses pair-wise exchange to find possible 

improvements in the cost function.  Gue uses data from three LTL carriers.  One is a large 

regional carrier, while the other two are national carriers who provided data from their Atlanta 

hub.  Gue determined travel time can be reduced by 8-15% and total labor costs can be reduced 

by 2-5%.  In general, the resulting layouts with the greatest reduction in labor costs have strip 

and stack doors interspersed.  Gue also concluded that LTL carriers could benefit from load 

planning.  With load planning, service centers sort the freight bound for a hub, so that freight 

with the same final destination is together. 
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In a later article, Gue performs an in-depth examination of the effects of trailer scheduling on an 

LTL dock layout [13].  If all strip doors are full, there may be multiple origin trailers waiting for 

an available door.  The trailer-scheduling problem addressed by this paper is determining which 

trailers will come out of queue when a strip door becomes available.   

 

To solve the trailer scheduling problem, Gue uses an altered flow model to represent a layout of 

strip and stack doors, assuming that cross-dock supervisors will assign trailers to doors based on 

the contents of the trailers.  The altered flow model is not a method for assigning trailers to doors 

but is used to mimic how a dock supervisor might actually assign trailers to doors based on 

judgment.  Gue accomplishes this by creating biased trailers, as described earlier.  Gue uses a 

random initial trailer to door assignment and then performs pair-wise exchanges, until there are 

no further improvements.  This places origin trailers close to the destination trailers 

corresponding to where the majority of the origin trailer’s freight is going, which mimics how a 

supervisor would make the trailer to door assignment.  This is similar to the Two-block 

Algorithm, except that it is used to create a layout similar to a current dock layout, instead of 

improving the current dock layout.  Since strip doors are not designated to a specific origin, pairs 

of strip doors do not need to be swapped.  Swapping two strip doors will result in the same 

layout.   

 

Gue [13] utilizes the layout determined by the altered flow model and provides a method for 

trailer scheduling, which is deciding which trailer to assign to a receiving door, when one 

becomes available.  If receiving door j is available, the algorithm searches for the trailer in queue 

that is at its lowest cost when assigned to strip door j.  The cost is the time requirement to unload 

a trailer if it is placed in door j.  If none are at their lowest cost when assigned to door j, the 

algorithm searches for the trailer that would be at its second lowest cost when assigned to door j.  

This continues until an assignment is made.  Gue refers to this as the look-ahead algorithm. 

 

The results from the altered flow model and the look-ahead scheduling algorithm are all positive, 

but the level of performance improvement that can be realized with these techniques is heavily 

dependent upon the type of problem.  Layouts from a case study performed 3-4% better in 

simulations than those utilizing the average trailer model assumption.  These case studies involve 
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trailers containing freight bound for several different destinations (6.4 destinations on average).  

In experiments where trailers contain fewer destinations per trailer (3.7 as opposed to 6.4), the 

altered flow model yields a 7.5% improvement.  Simulation of the case study shows using the 

look ahead scheduling algorithm provided by Gue can save approximately 15% of travel costs, 

which translates to 2-3% of total labor costs. 

 

Barthodli and Gue [5] build on this work to reduce costs at an LTL dock in Stockton, California.  

The authors assume an average trailer model, use the two-block algorithm, and use the cost 

model as presented in Gue’s thesis [14].  The authors find efficient layouts tend to concentrate 

activity in the center of the dock, but spread out enough to avoid congestion.  The groups of 

doors with the highest flows on each side are offset from each other such that stack doors with 

high flow are directly across from strip doors.  The authors also note the corners of a dock should 

be assigned to receiving trailers with low volume.  The authors show congestion is a significant 

factor that should be considered when assigning trailers to doors.  The authors implemented their 

model at the Viking Freight System terminal in Stockton, California.  The results of the model 

were slightly altered, through a simulation model, to allow the users to account for inbound and 

hub trailers both being present at the Stockton dock.  Based on actual data taken before and after 

implementation, labor productivity increased 11.7%.  The authors also note that the freight is 

processed faster, resulting in better service. 

 

Bermudez and Cole [6] evaluate the effectiveness of using genetic algorithms (GA) to assign 

trailers to doors in an LTL dock.  Several different GA parameters were tested in various 

combinations to determine which set of rules is most appropriate for three different size 

terminals: 16 doors, 43 doors, and 195 doors.  Examples of the parameters were starting 

population size, how to select the surviving solutions, how to replace solutions, number of genes 

to swap, and probability of mutation.    The author uses data from a sponsor company.  The data 

on incoming freight for each individual trailer was not available, so the author assumes each 

incoming trailer is an average trailer.  The author does not offer definitive rules for which GA 

parameters to use, but does make several suggestions based on observation of results.  The 

author also compares a pair-wise exchange technique to the performance of the GA.  The author 

finds that in the small terminal with 16 doors the pair-wise exchange and the GA performed the 
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same.  In the medium and large terminals, 43 and 195 doors, the GA outperformed the pair-wise 

exchange solution.   

 

Another section of the transportation industry facing a very similar layout problem is the airline 

industry.  In airport hubs, passengers unload themselves from one aircraft and reload onto 

another.  The distance passengers must walk between connecting flights depends on gate 

assignment in the airport terminal.  Mangoubi and Mathaisel [18] evaluate two approaches for 

gate assignment, with the objective of minimizing passenger-walking distance.  The approaches 

include an integer program (IP) approach that yields an optimal solution, and a heuristic that 

yields a near optimal solution in the given case study.  The integer program and the heuristic 

consider three types of passengers: arriving, departing and transferring.  The transferring 

passengers are similar to freight in a LTL relay hub.  This problem differs from the door 

assignment problem because the layout is much more dynamic.  Gates serve as both origin and 

destination gates, with specific origins and destinations of the gates changing frequently.  Also, 

the airport gate assignment problem assumes that a passenger can arrive and depart at the same 

gate.  The authors attempt to minimize the walking distance per passenger, while the dock door 

assignment problem typically attempts to minimize to total distance traveled by the dock 

employees. 

 

Mongoubi and Mathaisel [18] find the assignment of flights to gates can reduce passenger-

walking distance without changing the flight schedules or the gate layout.  The authors use case 

study data from Toronto International Airport to evaluate both the IP and the heuristic.  The IP 

yields a 24% savings in average walking distance over the current assignment, while the 

heuristic is 21% better than the current assignment.  The authors note that transfer passengers 

actually walk further with the IP and heuristic, but this is due to the low volume of transfer 

passengers in the case study.   

 

Bihr [7] also develops a solution for gate assignment in airport terminals with the objective of 

minimizing passenger-walking distance.  Bihr develops a mathematical programming model that 

uses weighted walking distance in the objective function.  The only constraints are that each 

flight is assigned to only one gate and all flights are assigned.  This assignment problem also 

 29



allows an arriving gate to serve as a departing gate, so that the distance traveled is zero.  Bihr 

believes this approach will give a good “standard” assignment that may be slightly altered if 

necessary.  This conceptual solution was not tested using actual airport data.   

 

3.2 Freight Sequencing 

The freight sequencing problem in the LTL hub operation involves deciding which origin trailer 

the dock employee should go to after freight has been loaded onto a destination trailer and the 

dock employee is no longer busy.  All of the LTL hub operations research reviewed assumes the 

employee returns to the trailer he or she has come from and continues to work on that trailer until 

it is empty [5][6][13][14][24][34][35].   

 

While all the literature reviewed assumes a trailer-at-a-time unloading approach, research has 

been conducted to determine the best way to assign workers to the trailers they will be 

unloading.  Sarin and Aggarwal [30] examine the problem of assigning workers to trailers at a 

hub operation, with the objective of minimizing the number of workers required to unload and 

load freight.  Sarin and Aggarwal present two common problem formulations currently used.  A 

knapsack problem formulation with a constraint to account for the dynamic arrivals of trailers is 

developed and solved using a column generation method to obtain an integer solution. 

 

This approach was tested on data from two different hubs.  The first data set was from a small 

hub operation handling up to 25 trucks per day and included one week of data.  The second data 

set was from a larger hub, handling up to 200 trucks per day and included three weeks of data.  

At the smaller hub, the proposed solution approach produced optimal solutions 9 out of 10 times.  

At the larger hub, the proposed solution approach performed significantly better than a previous 

problem approach. 

 

While there is no research that supports a dock employee going to a different source trailer for 

his or her next job, there are other industries with similar problems.  An example of a very 

similar problem is printed circuit board (PCB) assembly.  In PCB assembly electronic 

components are assigned to bins on automatic placement machines (similar to assigning trailers 
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to dock doors).  The machine retrieves a part from a bin (similar to unloading freight from a 

trailer) and places the part in the correct location on the PCB (loading freight onto the destination 

trailer).  The machine then returns to a bin for another part.   

 

In PCB assembly, a common approach is to model the component to bin assignment problem as 

a QAP and the component retrieval problem as a TSP [4][10].  The major difference between 

PCB component placing and LTL hub operations is that the PCB robot has one arm and only one 

component can be placed at any given time, while in the LTL hub, there are often multiple 

workers moving freight at the same time.  The unload and load times and travel speeds in the 

LTL hub also have much higher variability and are harder to predict than in PCB assembly.  In 

our research, we will investigate the applicability of the methods used in PCB assembly to the 

freight sequencing problem. 

 

Solomon [31] examined a similar problem related to the vehicle routing and scheduling problems 

with time window constraints (VRSPTW).  In the vehicle routing problem (VRP), vehicles on a 

minimum cost route service customers such that each customer is serviced once and the vehicle 

capacity is not exceeded.  In the VRSPTW, customers have time windows in which their service 

must begin.  If a vehicle reaches the customer too early, there are waiting costs.  If a vehicle 

arrives to late, then the customer is not serviced.  Solomon presents seven algorithms that offer 

solutions to the VRSPTW problem.  The author constructed data sets that are similar to various 

industries and customer requirements in order to test the algorithms.  Solomon finds that an 

insertion heuristic performs best of the various algorithms tested. 

 

3.3 Summary of Literature Review 

This chapter reviewed the literature available for the trailer-to-door assignment problem and the 

freight sequencing problem in a LTL hub operation.  The trailer-to-door assignment problem is 

analogous to a QAP, but the literature does not offer a consistent way to solve the problem.  The 

current research, however, often utilizes a construction algorithm to develop an initial solution 

and an improvement algorithm (such as pair-wise exchange or genetic algorithm) to improve the 

initial results.   
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Of the hub layout approaches reviewed, most used an average trailer or a trailer with average 

distribution of freight from the appropriate origin.  All authors agree that having more data on 

the contents of a trailer would improve the assignment.  Tsui and Chang [34] note that scanning 

the contents of a trailer before assigning the trailer to a door would improve the trailer to door 

assignment.  The authors also note there is not enough detailed data available in a timely manner 

to assign trailers to doors based on actual shipments.  Due to the recent scanner technology in the 

trucking industry, the detailed data is now available to aid in the assignment of trailers to doors.  

Most of the assignment approaches only consider travel distance, and do not consider time 

factors like waiting time and congestion.  Gue [14] added these two components to estimate the 

total time required at an LTL hub.   

 

All of the literature assumes that a dock employee unloads a trailer until that trailer is empty.  

None of the literature reviewed examined the effects of sequencing the freight unloading 

operations at an LTL terminal.  This proposed research will utilize general approaches for the 

trailer-to-door assignment problem but will take advantage of more detailed information 

available in a timely manner, due to improved information technology.  Specifically, this 

research will focus on improving the trailer-to-door assignment and exploring the benefits of 

sequencing jobs at an LTL hub operation, instead of unloading trailer-at-a-time. 
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CHAPTER IV  

SOLUTION APPROACH 

 

The primary objective of this research is to reduce the time window required to transfer freight 

from a set of origin trailers to the correct destination trailers.  This objective will be achieved by 

developing a solution approach to determine a better trailer-to-door assignment and freight 

unloading approach.  An estimator function that approximates time required to unload freight 

from an origin trailer, travel to the correct destination trailer, load freight onto the destination 

trailer, and travel to the next origin trailer is used to measure reductions in time obtained by the 

solution approaches. 

 

The trailer-to-door assignment and freight sequencing problems are interrelated decision 

problems.  The efficiency of the freight unloading sequence is dependent on the trailer-to-door 

assignment.  In addition, the impact of the trailer-to-door assignment is dependent on the 

effectiveness of the freight unloading sequence.  Current research has focused primarily on the 

trailer-to-door assignment problem while assuming a trailer-at-a-time unloading approach.  

Current practice also addresses these independently usually using expert judgment to assign 

trailers to doors and unloading origin trailers trailer-at-a-time.  This research will focus on 

developing separate structured approaches for both of these decision problems and providing 

recommendations for integrating in future research.  The following sections describe the 

estimator function, the solution approach for the trailer-to-door assignment problem, and the 

approach for the freight sequencing problem. 

 

4.1 Estimator Function 

The estimator function approximates the time required to unload a set of shipments for a given 

trailer-to-door assignment and freight unloading sequence.  The four primary time components 

involved in transferring freight from origin trailers to destination trailers include: 

• Unloading freight from strip doors; 

• Moving the freight to the correct stack door; 
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• Loading freight at stack doors; and  

• Traveling unloaded to the next strip door  

 

The estimator function used to evaluate approaches for the hub layout and freight sequencing 

problems includes all four of the time components listed above.  The estimator function uses the 

number of unloaded and loaded trips between two points, based on handling units, and the 

distance between them to estimate travel distance.  A handling unit represents a package that can 

be moved in one trip.  For example, a shipment with 7 handling units would require 7 trips to 

move.  Previous research has tried to minimize weighted travel distance.  For example, a 1000-

pound shipment going 10 feet would add 10,000 lb-ft to the objective function, while a 500-

pound shipment going the same distance would add 5,000 lb-ft to the objective function.  This is 

often not an accurate measure of the actual time required to move freight, since other factors 

besides weight, such as packaging, determine the actual time required to move freight.  Handling 

units more accurately reflect the number of trips required to move a shipment, and therefore 

more accurately reflect the actual travel distance.   

 

In this research, the primary measures of interest are: 

• Total distance; 

• Total time; and 

• Bottleneck time. 

For each solution to the trailer-to-door assignment problem and freight sequencing problem, each 

of these measures is evaluated.  To define these measures, the notation discussed below is used.  

The following indices are used in the notation: 

.for workerindex           
and doors;dock  ndestinatiofor  indices       

doors;dock  originfor  indices       
units; handlingfor  indices         
 trailer;ndestinatiofor index            

 trailer;originfor index            

w
pn,
om,

ts,
j
i 
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The following notation is data given before the trailer-to-door and freight sequencing 

assignments are made: 

units. handling ofnumber      total
and  trailer;ndestinatioa  ontounit  handling singlea  load  to     time    

 trailer;origin an fromunit  handling singlea  unload  to     time   
door   todoor  from distance      

otherwise;  0
 trailer ndestinatio  to trailer origin from d transferebe  toneeds unit  handling if  1

=
=
=
=



=

HU
ld
ud

n;md

jisb

mn

sij

 

The next group of notation is dependent on the solution of the trailer-to-door and freight 

sequencing assignment.  In the optimization problem presented in Section 2.3, these are decision 

variables.  After solving the trailer-to-door assignment problem, the assignment of trailers to 

doors is known (thus,  is known).  After solving the freight sequencing problem, the 

assignment of employees to specific handling units is known (thus, is known).  When 

evaluating a given solution, the values of the following variables are known and treated as 

parameters: 

imx

w
tsz ,



=



=

otherwise.  0
unit  handlingby  followed unit  handling s transport worker if  1

and otherwise;  0
door   toassigned is  trailer if  1

tswz

mix

w
st

im

 

 

Given a solution to the trailer-to-door assignment and the freight sequencing problem, the total 

travel distance, total time, and bottleneck time can be evaluated.  As described in Section 2.3, the 

total distance is expressed as: 

 

∑=
w

wDistance DistanceTotal  

 

where Distancew is defined by equation (2-1).  Thus, the total distance is also defined as: 

 

( ) )(  DistanceTotal w
stkojnimnomntklsij
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The total time is expressed as: 
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Time studies at the Greensboro hub indicate there may be a difference between unloaded and 

loaded travel speeds, but the solution approaches presented here assumes an average travel 

speed.  An average travel speed was used because there was not enough data to confirm that the 

difference between the two speeds was significant.  Using an average travel speed for both 

unloaded and loaded travel is also the common approach found in the literature review [5][14]. 

 

The bottleneck time is expressed as: 

 

{ }wwmax TimemaxT =  

 

where Timew is defined by expression (2-4).  Thus, the bottleneck time (Tmax is also expressed as: 
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The bottleneck time represents the time required by the employee with the largest workload and 

is also referred to as the time window in this research.   

 

In addition to choosing a solution that can be quantitatively evaluated by the performance 

measures, qualitative factors for various solutions are also considered.  Examples of qualitative 

factors that are considered are ease of implementation for the sponsor company, opportunity to 
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place freight on the incorrect destination trailer, and possible congestion and blocking 

consequences of the solution. 

 

4.2 Trailer-to-Door Assignment Solution Approach 

Two main approaches are evaluated for determining the trailer-to-door assignment solution 

approach.  The two main approaches are:  

• A semi-permanent layout approach and  

• A dynamic layout approach.   

A semi-permanent hub layout is a layout that changes periodically and is developed based on 

historical data.  A semi-permanent hub layout is based on the average amount of freight from the 

various origins to the correct destinations.  This layout specifies which doors are strip doors and 

which doors are stack doors.  This layout also specifies which destination cities are assigned to 

the stack doors.  Origin trailers are then assigned to the strip doors on a nightly basis.  In 

practice, the semi-permanent layout is updated every 3 to 6 months.   

 

The dynamic layout alternative completely re-assigns the trailer to door assignments every night 

according to the exact freight that will be flowing through the hub.  In the literature reviewed, a 

layout that completely changes every night is not currently employed.  Having the destination 

trailers in set locations every night helps ensure the dock employees are placing freight on the 

correct trailers because they do not have to re-learn the layout every night.  Forklift drivers do 

not need to know which origin trailers are at strip doors, because it is not essential they know 

where a piece of freight is from.  It is, however, essential that dock employees place freight on 

the correct destination trailer.  In addition to allowing better quality and productivity from the 

workers, having a semi-permanent layout reduces the time managers must spend assigning 

trailers to doors on a nightly basis.   

 

There is emerging interest, however, in achieving a completely dynamic layout solution.  

According to Gue, “some carriers . . . would like to achieve this operating mode in the near 

future” [14].   In order to make a completely dynamic layout solution attractive, the following 

costs must be overcome: 
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• Cost of management creating a completely new layout every night; 

• Cost of re-labeling doors; 

• Cost of slower travel times as workers adjust to the new layout; and  

• Cost of potentially misdirected freight as workers adjust to new layout. 

 

Gue suggests the cost of misdirected freight can be overcome if dock employees scan freight at 

the destination trailer [14].  This will ensure the freight is placed on the correct trailer.  Due to 

recent advances in scanner technology, this alternative is now feasible, if the time savings due to 

an improved layout are significant enough to overcome the time required to make new trailer-to-

door assignments every night.  In this research, the semi-permanent and dynamic layout 

approaches will be compared to determine the potential for improvement. 

 

The solution to the trailer-to-door assignment directly impacts the travel time for transferring the 

freight from an origin to the correct destination, but it does not influence the load and unload 

times.  Thus, the objective measure for these decisions is total travel distance.  The layout 

approaches presented in this section assume an employee starts at an origin trailer, travels to the 

correct destination trailer, returns to the origin trailer for each handling unit, and continues until 

the origin trailer is empty.  Therefore, the travel distance for trailer i at door m is estimated as: 

 

∑∑∑=
s j n

jnimmnsijim x)xd(b 2 DistanceTravel  (4-1) 

 

This expression assumes trailer-at-a-time unloading is used.  In addition, this expression assumes 

that for the last shipment on an origin trailer, the distance to travel from the correct destination 

trailer to a new origin trailer can be estimated by using the distance required to return to the same 

origin trailer that the employee was unloading.  In reality, the forklift driver will not return to the 

same origin trailer after the last shipment, but instead will travel to the next origin trailer in their 

assignment.  At this point in the solution approach, however, the next origin trailer is unknown, 

and the distance back to the original origin trailer is used to estimate the distance to the next 

origin trailer.  This approximation approach is also used in the literature [34][35]. 
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An alternative approach to estimate the travel distance to the next origin trailer would be to use 

the average distance from the destination of the last shipment to all other origin trailers.  Since 

the next origin trailer is unknown, this approach assumes there is an equal probability of going to 

all other origin trailers.  One full night was examined (March 25, 2003), using a semi-permanent 

layout, to determine the difference in using these two approaches to estimate the distance 

traveled to the next origin trailer.  The table with detailed results of this analysis is located in 

Appendix B.  The range of differences between these two methods ranged from 3.94 feet to 

88.71 feet.  On average, the two methods resulted in a difference of 42.54 feet for each trailer.  

The average travel distance for a trailer on March 25, 2003 was 7177.47 feet.  Given an average 

difference of 42.54 feet, the average change in estimating a trailer’s distance is 0.59%.  With the 

maximum difference of 88.71 feet, the alternative method would result in a different layout only 

if two trailers had very similar travel distances.  In this case, the exact layout would change, but 

the total travel distance results would not be substantially different, since two very similar 

trailers are being switched.  An area for future research is to further improve the approach used 

to estimate travel distance associated with each trailer. 

 

In evaluating the performance of the solution approaches, the impact on total time and bottleneck 

time will also be evaluated.  The following sections describe the semi-permanent and dynamic 

layout approaches. 

 

4.2.1 Solution Approach to the Semi-Permanent Layout Problem 

The semi-permanent layout solution approach consists of two phases.  The first phase allocates 

dock doors as strip or stack and also assigns destinations to the stack doors.  The second phase 

assigns the specific origin trailers to the strip doors on a nightly basis.   The majority of previous 

research either sets the origin doors based on an average trailer from each origin or does not offer 

a method for assigning origin trailers on a nightly basis.  The next two sections review both of 

these phases. 

 

4.2.1.1 Allocation of Dock Doors and Assigning Destination Cities to Stack Doors 

The average number of trips from an origin to a destination is used to create the semi-permanent 

layout.  The number of trips is based on the number of handling units that flow from an origin to 
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a destination.  The average flow data from recent months allow the layout to be more robust than 

just using a single night’s data to make the semi-permanent assignment.   

 

Each hub has destinations that are considered standard destinations and are serviced often by that 

hub.  Occasionally, freight will come into a hub that is not destined for one of the standard 

destinations.  If this happens, there are two possible outcomes.  One is that the freight will be 

stored at the hub and leave the following morning as a regular piece of freight leaving the service 

center.  This approach can be thought of as re-starting the piece of freight through the network of 

hubs and service centers.  The other outcome is that sufficient freight for a non-standard 

destination arrives.  In this case a destination trailer will be loaded at the hub and travel to the 

non-standard destination.  In the solution approach developed in this thesis, all freight bound for 

non-standard destinations is grouped together as bound for a single miscellaneous destination.  

One door on the dock is designated as the miscellaneous door.  This is a good approximation, 

because if freight is stored on the dock until the following morning, it can be stored in the zone 

right in front of the miscellaneous door.  In this case, the travel distance to the miscellaneous 

door will be close to the travel distance to the zone.  It is also unlikely that there will be so many 

trailers going to non-standard destinations, that one door for non-standard destinations will not 

be enough. 

 

Some destinations may benefit from having more than one destination door.  For example, 

destinations with high freight flow might be good candidates for multiple door assignments.  In 

this research each standard destination is assigned to one door and one door is assigned as a 

miscellaneous door for any shipments bound for non-standard destinations.  The remaining doors 

will be designated as strip doors for origin trailers.  If there is interest in creating multiple doors 

for one destination, the approach presented here can be modified to accomplish this.  For 

example, if one would like to assign destination A two stack doors, a dummy destination can be 

added and half of the freight bound to destination A can be assigned to this new destination.  

Both destinations would then be used in the solution approach, and the result would be a solution 

that contained two doors for destination A.  An area for future research is to determine which 

destinations should be assigned to multiple doors and the best approach for assigning the 

destination to specific doors. 
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The current practice at the Greensboro hub is to assign destination trailers to one side of the hub 

and origin trailers to the other side.  This approach will be used to generate an initial solution for 

the semi-permanent layout approach.  There will be one stack door for each destination and one 

for all non-standard destinations.  It is possible that not all destinations will fit on one side of the 

hub.  If this should happen, the destinations will begin to be assigned to the other side.  The 

remaining doors are initially assigned as strip doors for origin trailers.  An example of what an 

initial solution might look like is shown in Figure 6. 
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Figure 6.  Example Initial Layout 

 

An average trailer is used for the origin trailer in the semi-permanent solution.  The average 

trailer approach will tend to generate a solution with strip doors that represent good locations for 

an average origin trailer.  The average trailer is based on 3 to 6 months of shipments into the hub.  

An average origin trailer will be generated by taking all the handling units that arrive at the hub 

over the 3 to 6 months divided by the number of origin trailers that have arrived at the hub.  For 

example, if 600 handling units bound for a specific destination arrive at the hub, and there are 30 

origin trailers, then the average origin trailer will have 20 handling units for the specific 

destination. 

 

Once an initial solution has been generated, the solution will be improved by using pair-wise 

exchange with the objective of minimizing total travel distance.  The improvement algorithm 

will assume the trailer-at-a-time unloading approach for estimating travel distance.   

 

 41



Using a trailer-at-a-time unloading approach is not necessary for creating a layout, but it offers 

two advantages.  The first advantage is that while trailers may not all be unloaded trailer-at-a-

time and nightly freight flow will vary from the average freight flow, this approach offers a 

solution that tends to place trailers with high flow between each other close to each other.  The 

semi-permanent layout assignment needs to be robust, and assuming trailer-at-a-time allows for a 

good general solution, without the level of detail that is available only on a nightly basis.  The 

second advantage is that other sequencing techniques are dependent on the layout.  Therefore, an 

iterative approach would likely have to be used to find a good layout. 

 

Figure 7 shows the proposed solution approach to develop an improved semi-permanent layout.  

The semi-permanent layout will likely remain in place for several weeks or months or until 

significant changes in freight flow occur.  The arriving origin trailers, however, are assigned to 

strip doors on a nightly basis.   

Assign average
trailers to remaining

hub doors

Exchange doors for
improved layout via first

improving pairwise
exchange assuming

trailer-at-a-time unloading

Determine the
make-up of an
average origin

trailer

End of semi-
permanent layout

assignments

Assign all standard
destinations and one

miscellaneous destination to
one side of the dock and
wrap around to the other

side, if necessary

 

Figure 7.  Semi-Permanent Layout Solution Approach 
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4.2.1.2 Nightly Origin Trailer Assignment Solution Approach 

After the doors are allocated as strip or stack doors, and destinations are assigned to stack doors, 

the origin trailers are assigned to strip doors on a nightly basis based on actual shipment 

information.  This section reviews how to determine the nightly origin trailer-to-door 

assignment, which requires determining which specific origin trailers will be placed in specific 

strip doors.   

 

The first step is to determine the exact number of from/to trips for every origin trailer for that 

night.  The next step is to determine which destinations will be needed for the evening’s 

shipments.  If any standard destinations are not used, for example, no freight is directed to a 

standard destination on that particular night, or if there are no miscellaneous destinations, the 

doors designated for those destinations will be available to be assigned as strip doors. 

 

Next, origin trailers are listed in the order they will be arriving at the hub in order to develop an 

initial assignment of origin trailers to strip doors.  Current technology allows the hub supervisor 

to know an estimated time of arrival before the trailer-to-door assignment must be made.  The 

first arriving trailer will be placed in the strip door that minimizes the travel distance for that 

trailer.  The second arriving trailer will be placed in one of the remaining strip doors that 

minimizes the travel distance for the second trailer.  This will continue until all trailers have been 

assigned and the initial trailer-to-door assignment is complete.  Pair-wise exchange will be used 

to improve the initial layout.  Total travel distance is the objective function, and trailer-at-a-time 

unloading is assumed.   

 

Any late arriving trailers will be assigned to a door when one becomes available using an 

approach developed by Gue [13].  If there are multiple available doors, the late arriving trailer 

will be assigned to the door that minimizes the travel distance, based on trailer at a time.  If there 

are multiple late arriving trailers waiting for a door, the trailer with the highest preference for the 

available door will be drawn out of the queue.  This technique is described in detail by Gue [13] 

and is not evaluated by this research.  Figure 8 illustrates the nightly assignment of origin trailers 

to strip doors. 
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Figure 8.  Nightly Origin Trailer-to-Door Assignments 

 

4.2.2 Solution Approach to the Dynamic Layout Problem 

The dynamic layout solution approach is similar to the semi-permanent layout solution approach.  

The main difference in the dynamic solution approach is that actual data from each night is used 

to determine a nightly layout, instead of average values from the past 3 to 6 months.  Another 

difference is that since the dynamic layout changes every night, assigning specific origin trailers 

to origin doors is included in this step.  Thus, in the dynamic layout solution approach, all trailer-

to-door assignments for that evening are considered.   
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In the dynamic solution approach, only standard destinations used for a specific evening are 

assigned to a dock door.  If there are any shipments to non-standard destinations, they will be 

assigned to a miscellaneous trailer that is allocated one dock door.  Assigning each destination to 

a dock door on one side of the dock generates the initial solution.  Again, if all destinations do 

not fit on one side of the dock, the destinations will begin to be assigned to the other side of the 

dock.  The remaining available dock doors are designated as strip doors and are assigned to 

origin trailers.  The origin trailers are initially assigned to strip doors based on the arrival order of 

origin trailers, with the first arriving being placed in the first strip door, the second arriving in the 

second strip door, and so on.  The arriving origin trailers are not assigned to strip doors based on 

what available strip door minimizes travel distance, because the destination trailer assignments 

are not set, and therefore the travel distance incurred by placing an origin trailer in a specific 

door cannot be calculated.  Any late arriving trailers should be assigned using Gue’s [13] trailer 

scheduling technique, which was discussed in the previous section.   

 

Once an initial solution has been generated, pair-wise exchange is used to generate a final 

solution.  Trailer-at-a-time unloading is assumed, and the objective function used in the pair-wise 

exchange is the total travel distance.  Figure 9 illustrates the dynamic layout solution approach. 
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Figure 9.  Dynamic Layout Solution Approach 

 

Once the nightly layout is constructed, either by the semi-permanent approach or the dynamic 

approach, the next step is to determine the best way to transfer freight from origin to destination.  

The following section describes the steps to assign employees to shipments (or trailers). 

 

4.3 Freight Unloading Sequence 

The freight unloading sequence attempts to minimize the time required for a set of forklifts to 

unload a set of origin trailers.  Since the objective is to minimize the total time window required 

to unload a set of origin trailers, the primary goal will be to minimize the maximum total time 

spent by any dock employee.  While minimizing the maximum time may not minimize the total 

labor time needed to unload a set of freight, it will minimize the total time window.  In 

evaluating the solution approaches, the impact on total distance and total time will also be 

considered. 
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The freight unloading sequence solution approaches presented in this thesis are based on several 

simplifying assumptions, such as a constant travel speed, constant load and load time for each 

shipment, and all the origin trailers are available at the beginning of the night.  These solution 

approaches also result in a specific list of shipments assigned to each employee.  In reality, there 

are many unknowns and a high level of variation in the hub operation, and the dock employees 

will not be given a list of shipments at the beginning of each night.  Instead, this research results 

in recommendations of which logic to use throughout the course of a night to decide in real time 

which shipment to unload next. 

 

The five solution approaches to the freight unloading sequence problem presented in this 

research include: 

• Trailer-at-a-time; 

• Trailer-at-a-time with offloading; 

• Nearest neighbor within a group; 

• Nearest neighbor within a shared group; and 

• Nearest neighbor. 

The following sections provide additional detail on these solution approaches. 

 

4.3.1 Balanced Trailer-at-a-Time Solution Approach 

The current LTL practice is for an employee to be assigned to an origin trailer.  The employee 

then removes the first piece of freight from the trailer and transports it to the correct destination 

trailer.  The employee returns to the same origin trailer to remove the next piece of freight.  This 

process continues until the origin trailer is completely empty.  The employee is then assigned to 

another origin trailer.  This continues until all the origin trailers have been unloaded.  Workers 

are currently assigned to trailers based on supervisor judgment.  This solution approach uses a 

technique similar to assembly line balancing to assign employees to origin trailers.  Since a 

night’s activities are not complete until the last worker is finished, an advantage of using a 

balancing technique is that the amount of time spent waiting on the last worker to finish is 

reduced. 
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The first step in the balanced trailer-at-a-time solution approach is to estimate the time required 

to completely unload an origin trailer.  At this point in the solution approach, the assignment of 

trailers to doors is known, but the sequence that the trailers are unloaded is unknown.  Thus, 

expression (4-1) is used to estimate the travel distance for trailer i at door m as follows: 

 

∑∑∑=
s j n

jnimmnsijim x)xd(b 2 DistanceTravel  

 

This expression assumes trailer-at-a-time unloading is used.  In addition, this expression assumes 

that for the last shipment on an origin trailer, the distance to travel from the correct destination 

trailer to a new origin trailer can be estimated by using the distance required to return to the same 

origin trailer that the employee was unloading.  In reality, the forklift driver will not return to the 

same origin trailer after the last shipment, but instead will travel to the next origin trailer in their 

assignment.  At this point in the solution approach, however, the next origin trailer is unknown, 

and the distance back to the original origin trailer is used to estimate the distance to the next 

origin trailer.  This approximation approach is also used in the literature [34][35]. 

 

The estimate of travel distance is then converted into an estimate of travel time by assuming a 

constant travel speed.  The travel speed approximation is 7.46 feet per second and was 

determined through time studies at the Greensboro hub.   

 

The final time components used to approximate the total time required to unload an origin trailer 

are the times to unload freight from an origin trailer and load freight onto a destination trailer.  It 

is assumed that each handling unit is handled separately, so the total unload and load times are 

the number of handling units on an origin trailer multiplied by the average unload and load times 

respectfully.  The average unload and load times are also taken from time studies conducted at 

the Greensboro hub (44.505 seconds for unloading from an origin trailer and 43.380 seconds for 

loading onto a destination trailer).  Therefore, the total time estimate for origin trailer i at door m 

is determined by the total travel time estimate plus the total unload time estimate plus the total 

load time estimate: 
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After an estimate of time required for each origin trailer has been established, the origin trailers 

are assigned to the workers in an attempt to balance the total time assigned to each worker.  The 

total time assignment of each worker is the sum of times corresponding to the origin trailers they 

are assigned to.  In this approach, the trailers are sorted in non-increasing order of time 

requirement.  The origin trailer with the longest time requirement is given to the worker with the 

shortest total time assignment.  Any ties are broken arbitrarily.  Once an origin trailer is assigned 

to a worker, the time estimate of the origin trailer is added to the total time assignment of the 

worker.  The origin trailer is then designated as assigned.  The next origin trailer is then assigned 

to the employee with the minimum total time assignment.  This process continues until all origin 

trailers have been assigned to employees. 

 

In evaluating the trailer assignment, it is assumed that each employee unloads trailers in the order 

the trailers were assigned to the employee.  This results in employees unloading trailers in 

descending order of time required per trailer.  After all the trailer assignments are made, a better 

time estimate for each employee is calculated using expression (2-4).  This time estimate 

includes a more precise distance measure of the distance between trailers when a new origin 

trailer is assigned to a worker.  For example, the estimate used to assign trailers to workers 

estimates the distance between the destination of the last shipment of an origin trailer and the 

first shipment of a new origin trailer as the distance from the destination trailer back to the same 

origin trailer.  The final time estimate for each employee considers which actual origin trailer he 

or she will be traveling to next, instead of relying on an estimate of travel distance to next origin 

trailer.  Figure 10 illustrates the balancing technique used to assign workers to origin trailers. 
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Figure 10.  Trailer-at-a-Time Assignments 
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The trailer-at-a-time approach presented here is slightly different from the current trailer-at-a-

time approach used during a hub operation.  The current approach depends heavily on supervisor 

judgment and does not provide a structured, repeatable approach.  This approach offers a way to 

balance the workload among dock employees.  Although this approach does not exactly replicate 

the way trailer to worker assignments are made, the results of this approach are considered an 

estimate of performance of the current approach, since the employees are still unloading 

shipments trailer-at-a-time. 

 

4.3.2 Trailer-at-a-Time with Offloading 

The trailer-at-a-time with offloading solution approach further balances the workload between 

dock employees.  In the trailer-at-a-time with offloading approach, employees are assigned to 

origin trailers using the balanced trailer-at-a-time approach discussed in the previous section.  

Once these assignments are made, shipments are taken from the bottleneck employee and given 

to other employees to help reduce the load on the bottleneck employee.  This procedure 

continues until no further improvements can be made.  The trailer-at-a-time with offloading 

approach is discussed in detail below. 

 

The first step in the trailer-at-a-time with offloading approach is to assign origin trailers to dock 

employees based on the balanced trailer-at-a-time approach.  Once this assignment has been 

made, the time required for each employee is calculated.  The employee with the longest time is 

considered the bottleneck employee.  The trailers assigned to the bottleneck employee are 

searched to determine which trailer is accountable for the largest amount of time.  The trailer 

time estimate discussed in the previous section is used to determine the trailer accountable for 

the largest amount of time.  The employee group is then searched to determine which employee 

is assigned to the smallest amount of time. 

 

Once the bottleneck employee, the longest trailer belonging to the bottleneck employee, and the 

employee with the shortest time are determined, shipments are removed from the longest trailer 

of the bottleneck employee and assigned to the employee with the shortest time.  For this 

approach, one fourth (¼) of the shipments on the longest trailer of the bottleneck are temporarily 

given to the employee with the least time.  This fraction (¼) of the shipments is used, because 
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using a larger fraction becomes similar to re-assigning the entire trailer, and the opportunity for 

improvement may be reduced.  Using a fraction smaller than ¼ of the shipments may increase 

the likelihood of multiple employees trying to unload from the same origin trailer at the same 

time.   

 

The number of shipments reassigned is the minimum of ¼ of the shipments rounded up to the 

nearest integer and the total shipments still assigned to the bottleneck on the longest trailer.  

Thus, the number of shipments to be reassigned is determined as follow: 
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For example, if there were 17 total shipments on the longest trailer of the bottleneck, 5 shipments 

would be re-assigned to the employee with the shortest time.  If there are 17 total shipments, and 

5 are re-assigned to different employees for each iteration, after 3 iterations, the bottleneck 

employee would only be assigned to 2 shipments on the trailer.  If this trailer is still the longest 

trailer for the bottleneck employee, the solution approach would only move the remaining 2 

shipments, instead of 5.   

 

The shipments reassigned to the employee with the shortest time are put at the end of the 

employee’s sequence of shipments.  This helps prevent two dock employees trying to unload the 

same trailer at the same time.  Since the longest trailers are assigned first in the balanced trailer-

at-a-time approach, the longest trailer of the bottleneck is likely the first trailer unloaded.  

Therefore, the bottleneck employee will unload shipments from the back of the trailer at the 

beginning of the night, and the other employee will not try to unload shipments from the trailer 

until the other employees have unloaded all of their other shipments.   

 

The time required for each employee is then re-calculated.  If the bottleneck level is lower than 

the previous level, the temporary assignment is made permanent.  The time due to each origin 

trailer for each employee is updated to reflect the changes and the time assigned to each 
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employee is updated.  This process continues until no further improvements can be made to the 

bottleneck level.  Each employee unloads shipments in the order the shipments were assigned to 

the employee.  This process is illustrated in Figure 11. 
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Figure 11.  Trailer-at-a-Time with Offloading Assignments 
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4.3.3 Nearest Neighbor Within Group 

The nearest neighbor within a group approach attempts to reduce the bottleneck time by reducing 

the empty travel distance of the bottleneck employee.  In the nearest neighbor within group 

solution approach, workers are once again assigned to origin trailers based on the balanced 

trailer-at-a-time approach.  An employee group is based on the trailers assigned to an employee 

using the trailer-at-a-time approach.  Thus, if an employee is assigned to a trailer with the trailer-

at-at-time approach, then that trailer is in the employee’s group. 

 

Once workers are assigned to their origin trailers, an estimate of the time required by each 

employee to unload his or her trailers using a trailer-at-a-time approach is calculated using 

expression (2-4), and the bottleneck employee is found.  Once the bottleneck has been identified, 

the bottleneck employee unloads the trailers in his or her group according to the nearest trailer 

within the group.  The initial trailer assigned to the employee is arbitrary.  After removing the 

first shipment and delivering it to the correct destination trailer, the dock employee then goes to 

the closest origin trailer that is part of his or her group of origin trailers.  This continues until the 

employee has unloaded all of his or her origin trailers.   

 

After the new sequence is determined for the bottleneck employee, the time requirement of the 

bottleneck employee is re-calculated using expression (2-4) and compared to the other 

employees.  If there is a new bottleneck employee, the new bottleneck employee also changes 

the order of unloading to the nearest neighbor within group.  This continues until there are no 

new bottlenecks.  The nearest neighbor within group approach does not change the number of 

handling units assigned to each employee, and therefore reduces the bottleneck time by reducing 

the distance the bottleneck employee must travel.  Figure 12 illustrates this process. 
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Figure 12.  Nearest Neighbor Within Group Assignment 

 

The nearest neighbor within group approach does have the potential to show no improvements 

over the trailer-at-a-time approach.  If the bottleneck employee has only been assigned to one 

trailer, then the nearest neighbor within group approach would result in the exact same outcome 

as the trailer-at-a-time approach. 
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4.3.4 Nearest Neighbor within Shared Group 

In the nearest neighbor within shared group approach, the employees are assigned to groups of 

origin trailers.  There may be overlap between the groups, resulting in multiple employees 

having the same trailer or trailers in their groups.  After the employees are assigned to their 

groups of trailers, each employee will unload a shipment, transport the shipment to the correct 

destination, and load the shipment.  After loading a shipment onto a destination trailer, the 

employee will go to the nearest origin trailer within his or her group for the next shipment.  This 

continues until each employee has no shipments left on trailers within his or her group.  The 

nearest neighbor within shared group is discussed in more detail below.  

 

To implement and test the nearest neighbor within shared group approach, it is assumed that each 

handling unit requires approximately the same amount of time to unload from an origin trailer, 

transport to the correct destination trailer, and load onto the destination trailer.  For each 

iteration, each dock employee is moving one handling unit.  In addition, the same employee 

transfers a full shipment.  Thus, multiple employees do not handle the same shipment.  If a 

shipment has multiple handling units, the dock employee handling the shipment will be busy for 

the number of iterations corresponding to the number of handling units on the shipment.  Since it 

is assumed that only the last shipment on an origin trailer is available and there are not multiple 

employees handling the same shipment, when an employee begins unloading a shipment with 

multiple handling units, the origin trailer corresponding to that shipment is blocked to other 

employees until the shipment is completely unloaded. 

 

The employees are assigned to groups of origin trailers based on the trailer-at-a-time with 

offloading approach.  If an employee visits a trailer in the trailer-at-a-time with offloading 

approach, then that origin trailer is in his or her group.  After the origin groups have been 

assigned, each employee starts at an origin trailer within his or her shared group.  After 

unloading, transporting, and loading a handling unit from the first shipment, the employee then 

returns for the next handling unit of the same shipment, or, if there are no more handling units 

left on that shipment, goes to the nearest un-blocked origin trailer that is assigned to his or her 

group.  By sending the employee to the nearest unblocked trailer, the wait time at an origin 
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trailer due to blocking is eliminated.  This process continues until an employee has no more 

shipments on any of the origin trailers in his or her group.  The nearest neighbor within a shared 

group solution approach is illustrated in Figure 13. 

 58



Arbitratily assign each
worker to an initial

origin trailer within their
group

Assign 1st
shipment of initial

origin trailer to
appropriate worker

Handling units of currently
assigned shipment =

handling units of currently
assigned shipment - 1, for

each worker

Are handling units of
currently assigned

shipment > 0?

Each worker is
busy

Any origin trailer
that has a worker
currently assigned
to a shipment on
that trailer is busy

Worker assigned
to shipment with

handling units = 0
is no longer busy

Origin trailer
associated with
shipment with

handling units=0 is
no longer busy

Assign available worker to
next shipment on closest

available origin trailer within
employee group

No

Are there more
shipments to be

assigned?

Calculate distance
traveled by each

employee

End nearest neighbor
within shared group

assignments

Yes

No

Perform trailer-at-
a-time with
offloading
procedure

If an employee visits a
trailer in the trailer-at-a-

time with offloading
approach, add this

trailer to the employee's
group

Each worker unloads,
transfers, and loads one
handling unit of assigned

shipment

Worker travels to
origin trailer of

currently assigned
shipment

Yes

 

Figure 13.  Nearest Neighbor within a Shared Group Assignment 

 59



4.3.5 Nearest Neighbor 

The nearest neighbor assignment approach is a construction approach that is very similar to the 

nearest neighbor within a shared group approach.  The only difference between the nearest 

neighbor within a shared group and the nearest neighbor approach is that there is no longer the 

constraint that an origin trailer must be part of an employee’s group.  Any available employee 

can unload a shipment from any unblocked trailer.   

 

In implementing and testing the nearest neighbor approach, it is assumed that each handling unit 

requires approximately the same amount of time to unload from an origin trailer, transport to the 

correct destination trailer, and load onto the destination trailer.  For each iteration, each dock 

employee is moving one handling unit.  In addition, the same employee transfers a full shipment; 

so multiple employees do not handle the same shipment.  If a shipment has multiple handling 

units, the dock employee handling the shipment will be busy for the number of iterations 

corresponding to the number of handling units on the shipment.  This approach assumes that only 

the last shipment on an origin trailer is available and there are not multiple employees handling 

the same shipment.  Thus, once an employee begins unloading a shipment with multiple handling 

units, the origin trailer corresponding to that shipment is blocked to other employees until the 

shipment is completely unloaded. 

 

Each employee starts at an arbitrarily chosen origin trailer.  After unloading, transporting, and 

loading a handling unit from the first shipment, the employee then returns for the next handling 

unit of the same shipment, or, if there are no more handling units left on that shipment, goes to 

the nearest un-blocked origin trailer.  By sending the employee to the nearest unblocked trailer, 

the wait time at an origin trailer due to blocking is eliminated.  This process continues until there 

are no more shipments on any of the origin trailers.  The nearest neighbor approach is illustrated 

in Figure 14. 
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Figure 14.  Nearest Neighbor Assignment 
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4.3.6 Implementation of Solution Approaches 

The solution approaches for the trailer-to-door assignment and the freight sequencing problems 

are implemented in Visual C++ on a Pentium II 350 MHz workstation.  The approaches are 

evaluated using actual shipment data from the Greensboro hub of Averitt Express.   

 

The results from the various solution approaches are compared using the Wilcoxon Signed-Rank 

Test [15].  This statistical test is a nonparametric test used instead of a paired t-test when the 

normality assumption may be violated.  The Wilcoxon Signed-Rank test assumes the following: 

1. The differences are continuous (not discrete); 

2. The distribution of these differences is symmetric; 

3. The differences are mutually independent; 

4. The differences all have the same median; and 

5. The measurement scale is at least interval. 

Given the above assumptions, the Wilcoxon Signed-Rank test is appropriate for this analysis.  

The results of the evaluation are discussed in the next chapter. 
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CHAPTER V  

CASE STUDY RESULTS 

 

To analyze the solution approaches, a case study is conducted using actual shipment data from 

the Greensboro hub of Averitt Express.  Averitt Express provided six weeks worth of data from 

the Greensboro, NC, hub operation.  The first four weeks of data, from February 24, 2003 

through March 22, 2003, are used to construct a semi-permanent layout.  The last two weeks of 

data, from March 24, 2003 through April 4, 2003, are used to test the performance of the semi-

permanent and dynamic layouts, along with the various sequencing approaches.  Although a total 

of 12 nights of data for the last two weeks were provided, two of the nights had missing 

information and are not used in this analysis.  This results in a total of 10 nights of data used to 

test performance of the solution approaches.  The procedures discussed in Chapter IV are 

implemented in C++, and the 10 nights of data are used to generate the results discussed in the 

following sections. 

 

5.1 Hub Layout Procedure and Results 

This section reviews the application of both the semi-permanent and dynamic layout approaches.  

For the semi-permanent layout, the first four weeks of data are used to establish the initial layout.  

The total number of handling units to each standard destination and one miscellaneous 

destination are calculated for the four weeks.  These totals are divided by the total number of 

origin trailers.  This results in an average number of handling units to each destination per origin 

trailer and what is also referred to as the average trailer. 

 

After the average trailer is constructed, an initial layout is generated for a hub with 35 doors.  

The standard destinations and the miscellaneous destination are placed on one side of the dock to 

the extent possible.  Since there are 23 total destinations, the assignments wrap around to the 

other side of the dock.  The remaining doors are filled with average origin trailers.   Figure 15 

illustrates the initial layout used for the semi-permanent layout solution approach in the case 

study.   
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Figure 15.  Initial Semi-Permanent Layout of Case Study 

 

A first-improving pair-wise exchange heuristic is implemented to create the final semi-

permanent hub layout solution.  In the semi-permanent solution, the destination assignments are 

fixed, and the doors assigned to average trailers are empty strip doors as discussed in Section 

4.2.1.1.  This configuration does not change on a night-to-night basis, unless a destination is not 

needed, then that destination door becomes an available strip door.  The origin trailers are 

assigned to the strip doors on a nightly basis as discussed in Section 4.2.1.2. 

 

As described previously, the dynamic layout changes nightly and does not assume the destination 

trailers remain in the same location each night.  Therefore, the initial four weeks of data are not 

necessary for the dynamic layout. 

 

The hub layout approaches presented in this thesis focus primarily on improving travel distance.  

Because the objective of the QAP is to minimize travel distance, or material handling costs, the 

solution approaches tend to place trailers with high flow between them close to each other.  The 

results of using the hub layout approaches for each of the performance measures (total distance, 

total time, and bottleneck time) are described in detail in this section. 

 

Table 1 summarizes the results of using the layout approaches, while unloading trailer-at-a-time.  

The average total distance is the sum of the travel distances for all 10 nights, divided by the 

number of nights. 
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Table 1.  Total Distance Results of Layouts 

Layout 
Average 

Total Distance 
(feet) 

Original 161539.7 
Semi-Permanent 96679.5 

Dynamic 70382.1 
 

 

Table 1 gives an approximation of the magnitude of improvements that can be realized over the 

course of several nights.  Another way to represent the performance of the semi-permanent and 

dynamic layouts is to examine the improvements for each night, instead of the average of 10 

nights.  Table 2 shows the range of improvements that resulted from using an improved layout.  

The average percent improvement is based on the percentage change in travel distance when 

compared to the original layout for each night. 

 

Table 2.  Improvements in Total Distance for Layout Alternatives 

Layout Range of Improvements Average % 
Improvement Statistically Better Than 

Semi-Permanent 22.6% to 54.0% 38.4% Original 
Dynamic 46.3% to 65.6% 54.9% Original and Semi-Permanent 

 

 

The Wilcoxon Signed-Rank Test is used to determine if the difference in travel distance was 

statistically significant.  Using an alpha of 0.05, the difference in the distance traveled using a 

semi-permanent layout compared to an original layout is statistically significant.  The dynamic 

layout results in a statistically significant improvement over both the original layout and the 

semi-permanent layout.  The detailed results of the Wilcoxon Signed-Rank Test are provided in 

Appendix C. 

 

The total times of the solutions are also calculated and presented in Table 3.  These total times 

represent the average time to transfer all freight over the course of the 10 nights. 
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Table 3.  Total Time Results for Layouts 

Layout Average Total Time 
(minutes) 

Original 1386.666 
Semi-Permanent 1241.759 

Dynamic 1183.008 
 

 

The percent improvement in total time, which is shown in Table 4, is much smaller than the 

percent improvement in total travel distance since the number of handling units remaining 

constant for all three layouts.  Unloading freight from origin trailers and loading freight onto 

destination trailers requires a large portion of the total time.  The time required for these 

activities does not change with a different layout, which offsets the effects of reduced travel 

time. 

Table 4.  Improvements in Total Time of Layout Alternatives 

Layout Range of 
Improvements 

Average % 
Improvement Statistically Better Than 

Semi-Permanent 5.3% to 15.8% 10.45% Original 
Dynamic 10.8% to 19.1% 14.28% Original and Semi-Permanent 

 

 

Again, the Wilcoxon Signed-Rank Test with an alpha value of .05 is used to determine if the 

difference in total time was statistically significant, and the detailed results are provided in 

Appendix C.  The tests show that the dynamic layout is better than both the original and semi-

permanent layouts at a statistically significant level, and the semi-permanent layout is better than 

the original layout at a statistically significant level. 

 

The total labor time along with the desired time window can be used to estimate the minimum 

number of employees required for a specific night.  For example, as shown in Appendix E, night 

one requires 576 minutes of total labor time using a dynamic layout and trailer-at-a-time 

unloading.  If the desired time window is 6 hours (or 360 minutes), then the minimum number of 

employees is approximately 2. 
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The effect of using an improved layout on the bottleneck time is also examined.  The average 

bottleneck time results are presented in Table 5.   

 

Table 5.  Bottleneck Time Results of Layouts 

Layout Average Bottleneck Time 
(minutes) 

Original 459.9004 
Semi-Permanent 401.1982 

Dynamic 384.0413 
 

 

The range of improvements and the average percent improvements are presented in Table 6 and 

follow the same statistical significance as the other two measures.  As with the total distance and 

total time measures, a Wilcoxon Rank-Sum Test with an alpha value of 0.05 was used, and the 

detailed results are provided in Appendix C. 

 

Table 6.  Improvements in Bottleneck Time Results of Layout Alternatives 

Layout Range of 
Improvements 

Average % 
Improvement Statistically Better Than 

Semi-Permanent -3.1% to 21.5% 12.0% Original 
Dynamic 4.6% to 24.4% 15.6% Original and Semi-Permanent 

 

 

The percent improvement in bottleneck time is not as drastic as the percent improvement in total 

distance for the same reason the percent improvement in total time was not as large.  The number 

of handling units assigned to the bottleneck employee does not change when only the layout 

changes.  The bottleneck time improvements are often slightly better than the total time 

improvements, because the bottleneck employee probably has the highest number of handling 

units, and can therefore benefit more from an improved layout than the other employees.   

 

Table 6 shows a negative improvement in the range on the semi-permanent solution.  The –3.1% 

improvement was the only negative improvement that occurred on one of the ten days using the 

semi-permanent layout.  This is not unreasonable, since the semi-permanent layout is based on 
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the average freight flow from previous weeks.  If a night has significant deviation from the 

average, then the semi-permanent layout may not perform as well.  The layout approach also 

makes improvements based on total travel distance, and therefore total time, so one employee 

may perform worse in the semi-permanent solution, while the total labor time is still reduced.  

The remaining nine nights all showed positive improvements in bottleneck time with the semi-

permanent layout. 

 

5.2 Freight Sequencing Results 

This section reviews the effects of using the various freight sequencing rules on the performance 

of the hub.  The freight sequencing approaches assume the hub layout configuration is given and 

focus on assigning employees to shipments.    Since the hub layout is given, the sequencing 

approaches do not address the loaded travel distance because a shipment must go from its origin 

to the correct destination.  The sequencing approaches generally focus on improving the 

bottleneck time through balancing the number of handling units and reducing the unloaded travel 

distance.  Since this section focuses on the effect of using various freight sequencing techniques, 

the layout was held constant, and the sequencing approaches were varied.  The semi-permanent 

layout is used in this section to illustrate the performance of the various sequencing rules.  The 

semi-permanent layout is chosen, because it is the most common layout approach found in 

current literature, and it is the middle performer from the layout analysis.  The results of the 

sequencing rules were similar for all three layouts and are presented in Appendix D.  This 

indicates that the performance of a sequencing rule does not depend on which layout is used. 

 

The effects of sequencing rules on the bottleneck time are analyzed in detail for the semi-

permanent layout approaches.  The Wilcoxon Rank-Sum Test is performed with an alpha of 0.05 

to determine which sequencing techniques performed better than others.  The detailed results of 

these tests are located in Appendix F.   

 

Table 7 summarizes the effect of the various sequencing approaches on the average bottleneck 

time using the semi-permanent layout.  The average bottleneck time presented in Table 7 is the 

average bottleneck time of the 10 nights. 
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Table 7.  Bottleneck Time of Sequencing Rules 
with a Semi-Permanent Layout 

Sequence 
Average 

Bottleneck Time 
(minutes) 

(1) Trailer-at-a-Time 401.1982 
(2) Trailer-at-a-Time with Offloading 248.3858 

(3) Nearest Neighbor in Group 400.6519 
(4) Nearest Neighbor in Shared Group 292.0067 

(5) Nearest Neighbor 256.3585 
 

 

The range of improvements and average percent improvements are presented in Table 8.  The 

percentage improvements are based on trailer-at-a-time unloading. 

 

Table 8.  Bottleneck Time Improvements for Sequencing Rules 
with Semi-Permanent Layout 

Sequence Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time - - - 
(2) Trailer-at-a-Time with Offloading 0% to 63.0% 28.5% (1)(3)(4) 

(3) Nearest Neighbor in Group 0% to 0.9% 0.2% (1) 
(4) Nearest Neighbor in Shared Group -33.6% to 56.2% 13.2% (1)(3) 

(5) Nearest Neighbor -0.5% to 60.4% 27.0% (1)(3)(4) 
 

 

For this set of data, the trailer-at-a-time with offloading approach and the nearest neighbor 

approach are statistically better than the other three approaches.  The nearest neighbor within a 

group is statistically better than the trailer-at-a-time approach.  Nearest neighbor within a shared 

group performs better than trailer-at-a-time and nearest neighbor within a group.  Sequencing 

approaches can have a significant impact on bottleneck time, because the number of handling 

units assigned to the bottleneck employee can be changed.  The nearest neighbor in a group 

sequencing rule does not show as large of improvements as the other solutions, because the 

number of handling units assigned to the bottleneck employee is the same as in the trailer-at-a-

time solution.   
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The nearest neighbor within a shared group and the nearest neighbor approaches indicate a 

negative improvement in some cases.  Nearest neighbor within a shared group performs worse 

than trailer-at-a-time unloading on two of the ten nights.  With the nearest neighbor solution, 

there is only one night performing worse than trailer-at-a-time.  Since these are construction 

techniques, it is not unreasonable for the solution to perform worse than the original solution.  

Even though nearest neighbor did not perform better than trailer-at-a-time every night, it is still a 

significantly better solution than trailer-at-a-time for bottleneck time. 

 

The sequencing rules have very little effect on total labor time and distance.  Sequencing has 

very little effect on total distance since the distance traveled to move each piece of freight from 

origin to destination is determined by the assignment of trailers to doors.  Therefore, for the total 

distance measure, sequencing can only affect empty travel distance.  Table 9 summarizes the 

effect of using the various sequencing rules on the average total distance traveled by the dock 

employees.   

 

Table 9.  Average Total Distance of Sequencing Rules 
with a Semi-Permanent Layout 

Sequence 
Average 

Total Distance 
(feet) 

(1) Trailer-at-a-Time 96679.5 
(2) Trailer-at-a-Time with Offloading 96801.6 

(3) Nearest Neighbor in Group 96434.9 
(4) Nearest Neighbor in Shared Group 95394.6 

(5) Nearest Neighbor 93878.4 
 

 

Table 10 summarizes the range of improvements and the average percent improvements of the 

sequencing rules with a semi-permanent layout.  Table 10 also shows the results of the statistical 

analysis.  The Wilcoxon Signed-Rank Test is performed on the total distance measure for the 

various sequencing approaches using an alpha value of 0.05.  For this set of data, nearest 

neighbor performs statistically better than all other approaches.   
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Table 10.  Total Distance Improvements for Sequencing Rules with Semi-Permanent Layout 

Sequence 

Average 
Total 

Distance 
(feet) 

Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 96679.5 - - (2) 
(2) Trailer-at-a-Time with Offloading 96801.6 -0.37% to 0.04% -0.13% - 

(3) Nearest Neighbor in Group 96434.9 0.00% to 1.22% 0.26% (1)(2) 
(4) Nearest Neighbor in Shared Group 95394.6 -0.19% to 2.63% 1.36% (1)(2)(3) 

(5) Nearest Neighbor 93878.4 1.14% to 4.28% 3.08% (1)(2)(3)(4) 
 

 

The ranges of improvements are relatively small for total distance, since the sequencing 

approaches can only affect empty travel distance.  All of the sequencing rules performed 

statistically better than trailer-at-a-time with offloading.  This is expected since trailer-at-a-time 

with offloading focusing on balancing the workload among employees and not reducing the 

travel distance.  The nearest neighbor within a shared group performed worse than trailer-at-a-

time on one of the ten nights.  Since nearest neighbor within a shared group is a construction 

technique, instead of an improvement technique, this is not unreasonable.  Although trailer-at-a-

time with offloading and nearest neighbor within a shared group show negative improvements on 

some nights, the negative improvements are less than 1%. 

 

The results in the average percent improvement column of Table 10 correspond to how much the 

solution approach focuses on minimizing the distance to the next origin shipment.  For example, 

the trailer-at-a-time with offloading approach, which focuses on balancing the number of 

handling units between employees, produces the worst total distance results.  The nearest 

neighbor within a group, nearest neighbor within a shared group, and nearest neighbor 

approaches all focus on reducing the empty travel distance and tend to perform better for total 

distance.  The nearest neighbor within a shared group has more constraints on where an 

employee can go than the nearest neighbor approach.  The nearest neighbor within a group has 

even more constraints on which origin trailer an employee can visit.  These three solution 

approaches reduce total travel distance, and the fewer constraints on where an employee can go, 

the better the solution approach performs when considering total travel distance. 

 71



 

The sequencing approaches had very little effect on total time, because the total number of 

handling units does not change.  Table 11 summarizes the effect of the sequencing approaches on 

the average total labor time.   

 

Table 11.  Average Total Labor Time of Sequencing Rules 
with Semi-Permanent Layout 

Sequence 
Average 

Total Labor Time 
(minutes) 

(1) Trailer-at-a-Time 1241.8 
(2) Trailer-at-a-Time with Offloading 1242.0 

(3) Nearest Neighbor in Group 1241.2 
(4) Nearest Neighbor in Shared Group 1238.9 

(5) Nearest Neighbor 1235.5 
 

 

Any changes in total time are due to changes in total distance, and the average improvements are 

proportional to the average improvements to total distance presented in Table 10.  The range of 

improvements and average percent improvements, along with the results of the statistical 

analysis, are presented in Table 12. 

 

Table 12.  Total Time for Sequencing Rules with Semi-Permanent Layout 

Sequence Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time - - (2) 
(2) Trailer-at-a-Time with Offloading -0.07% to 0.01% -0.02% - 

(3) Nearest Neighbor in Group 0.00% to 0.23% 0.05% (1)(2) 
(4) Nearest Neighbor in Shared Group -0.03% to 0.48% 0.24% (1)(2)(3) 

(5) Nearest Neighbor 0.21% to 0.78% 0.54% (1)(2)(3)(4) 
 

 

The Wilcoxon Rank-Sum Test with an alpha value of 0.05 is performed on the total time 

measure for the various sequencing approaches.  The nearest neighbor solution performs better 

than all other sequencing techniques. 
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As mentioned earlier, the results of the sequencing rules on all three of the layouts are very 

similar, and generally indicate that the effectiveness of the sequencing rule is not dependent upon 

the layout.  The next section reviews the effectiveness of the sequencing rules and layout 

approaches when they are applied together. 

 

5.3 Combined Results of Hub Layout and Sequencing Approaches 

After analyzing the effects of the various layouts and sequencing approaches individually, 

additional analysis was performed to determine how layout and sequencing affected performance 

when the two were used simultaneously.  This section describes the performance of the layout 

and sequencing approaches when used together on the three performance measures: bottleneck 

time, total distance, and total time.  For this case study, the solution approaches generate the hub 

layout and freight sequencing results in less than 30 seconds on a Pentium II 350 MHz 

workstation for a given night of shipments. 

 

The first measure examined is the total distance measure.  The average total travel distance with 

the original layout approach and trailer-at-a-time unloading was 161,539.7 feet.  Table 13 

summarizes the results of using both an improved layout and sequencing rule.  The average total 

distance is the average distance over the 10 nights.  The range of improvements indicates the 

improvements seen over the 10 nights, and the average percent improvement is the average of 

the percentage improvements realized over the 10 nights.  The average percent improvement 

presented is not the same as the percentage improvement to the average total distance. 
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Table 13.  Total Travel Distance for Combined Approaches 

Layout Sequencing Rule 

Average 
Total 

Travel 
Distance

(feet) 

Range of 
Improvements 

Average % 
Improvement

Semi-Permanent Trailer-at-a-Time with Offloading 96801.6 22.3% to 53.9% 38.3% 
Semi-Permanent Nearest Neighbor in Group 96434.9 22.9% to 54.0% 38.6% 
Semi-Permanent Nearest Neighbor in Shared Group 95394.6 24.1% to 54.3% 39.2% 
Semi-Permanent Nearest Neighbor 93878.4 24.9% to 55.3% 40.3% 

Dynamic Trailer-at-a-Time with Offloading 70490.7 46.0% to 65.6% 54.8% 
Dynamic Nearest Neighbor in Group 70113.9 46.5% to 65.6% 55.1% 
Dynamic Nearest Neighbor in Shared Group 69539.6 46.5% to 65.9% 55.4% 
Dynamic Nearest Neighbor 68333.9 48.4% to 66.2% 56.2% 

 

By examining the results in Table 13, it is easy to see that the dynamic layout approaches yield 

much better results than the semi-permanent layout approaches.  Within each layout approach, 

there is not much difference between travel distances when only the sequencing rule is varied.  

This indicates that the sequencing rule has a much smaller effect on the total distance than the 

layout approach, which corresponds to findings presented in earlier sections. 

 

The next measure examined was total time, and the results are presented in Table 14 in the same 

manner as total travel distance is presented in Table 13.  The average total time with the original 

layout and trailer-at-a-time unloading is 1386.67 minutes.  The results in Table 14 indicate a 

reduction in total time of five to nineteen percent is achievable, which would represent 

substantial cost savings.  As with the total distance, the dynamic layout performs much better 

than the semi-permanent layout, and within each layout there is not much variation in the 

improvements. 
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Table 14.  Total Labor Time for Combined Approaches 

Layout Sequencing Rule 
Average 

Total Time 
(minutes) 

Range of 
Improvements 

Average % 
Improvement

Semi-Permanent Trailer-at-a-Time with Offloading 1242.0333 5.2% to 15.7% 10.0% 
Semi-Permanent Nearest Neighbor in Group 1241.2129 5.4% to 15.8% 10.1% 
Semi-Permanent Nearest Neighbor in Shared Group 1238.8898 5.6% to 15.8% 10.3% 
Semi-Permanent Nearest Neighbor 1235.5021 5.8% to 16.1% 10.5% 

Dynamic Trailer-at-a-Time with Offloading 1183.2494 10.8% to 19.1% 14.3% 
Dynamic Nearest Neighbor in Group 1182.4080 10.9% to 19.2% 14.3% 
Dynamic Nearest Neighbor in Shared Group 1181.1241 10.9% to 19.2% 14.4% 
Dynamic Nearest Neighbor 1178.4318 11.3% to 19.1% 14.6% 

 

 

The last measure used to illustrate the performance of the combined solution approaches is the 

bottleneck time.  The bottleneck time represents the time window of moving freight through a 

hub.  The average bottleneck time for the original layout and trailer at a time approach is 459.9 

minutes.  The results of average bottleneck time are presented in Table 15, in the same manner as 

the total distance and total labor time were presented.  The average percent improvements of 

over thirty percent indicate the opportunity to substantially decrease the amount of time freight 

spends at the hub. 

 

Table 15.  Bottleneck Time of Combined Approaches 

Layout Sequencing Rule 

Average 
Bottleneck 

Time 
(minutes) 

Range of 
Improvements 

Average % 
Improvement

Semi-Permanent Trailer-at-a-Time with Offloading 248.3858 11.6% to 66.0% 37.3% 
Semi-Permanent Nearest Neighbor in Group 400.6519 -2.8% to 21.5% 12.2% 
Semi-Permanent Nearest Neighbor in Shared Group 292.0067 -37.7% to 59.7% 23.1% 
Semi-Permanent Nearest Neighbor 256.3585 19.8% to 65.8% 36.2% 

Dynamic Trailer-at-a-Time with Offloading 237.5270 14.9% to 67.2% 40.1% 
Dynamic Nearest Neighbor in Group 383.4421 4.8% to 24.4% 15.8% 
Dynamic Nearest Neighbor in Shared Group 265.4795 5.2% to 63.5% 32.6% 
Dynamic Nearest Neighbor 247.2093 8.9% to 67.3% 37.3% 
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In Table 15, the dynamic layout does not appear to be consistently better than a semi-permanent 

layout.  For a given sequencing rule, however, the dynamic layout does perform better.  

However, comparing the same sequencing rule shows that the results of the sequencing rules do 

not vary much between layouts.  For example, trailer-at-a-time with offloading produces an 

average improvement of 37.3% for the semi-permanent layout and 40.1% for the dynamic 

layout.  Nearest neighbor produces an average improvement of 36.2% for the semi-permanent 

layout and 37.3% for the dynamic layout.  This tends to indicate that layout has very little effect 

on bottleneck time, while the sequencing rule does.  This is consistent with results presented in 

earlier sections.   

 

In summary, the dynamic layout with nearest neighbor sequencing reduces the total distance by 

56.2% on average and the total labor time by 19.6% on average when compared to the original 

layout with trailer-at-a-time unloading.  The dynamic layout with trailer-at-a-time with 

offloading reduces the bottleneck time by 40.1% on average when compared to original layout 

with trailer-at-a-time unloading.  In general, the case study results indicate that a dynamic layout 

with either nearest neighbor or trailer-at-a-time with offloading sequencing offers the largest 

potential for improvement. 

 

5.4 Simulation Analysis of Case Study Results 

In order to further evaluate the hub layout and freight sequencing solution approaches, a 

simulation model is developed in Arena [16] to further examine the impact of the solution 

approaches in a more realistic environment.  For example, the decision as to which origin trailer 

a forklift employee should unload from will be made on a real time basis rather than before the 

nightly operations begin.  After the forklift employee loads a piece of freight onto a destination 

trailer, then the decision will be made as to which origin trailer the forklift employee should visit 

next.  The simulation model allows for the incorporation of dynamic and probabilistic events and 

provides a method to: 

• Explore the impact of the hub layout and freight sequencing approaches; 

• Test the assumptions of the thesis approach; 

• Provide a more accurate estimate of performance measures; and 
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• Conduct what-if analysis. 

 

The simulation model uses the results of the dynamic trailer-to-door assignment for each 

evening, as well as a given set of freight shipments, and evaluates the performance of each of the 

freight sequencing methods.  Details on the inputs, outputs, and functions of the model, as well 

as the verification and validation of the model, are provided in Appendix A. 

 

The simulation model is designed to explore the impact of the freight sequencing approaches for 

a given layout.  The simulation model also provides the ability to evaluate the underlying 

assumptions of the solution approaches.  A simulation model with the same assumptions as the 

hub layout and freight sequencing solution approaches is developed and referred to as the base 

simulation model.  The assumptions of interest are then removed from the base simulation model 

to analyze the impact on the solution approaches.  This section contains a discussion of the 

effects of blocking on the solution approaches as determined using the simulation model.  This 

section also reviews the findings of the complete simulation model.  Details of additional 

analysis conducted with the simulation model are provided in Appendix A. 

 

The results presented in this section contain two trailer-at-a-time with offloading approaches.  In 

the first, trailer-at-a-time with offloading, the number of shipments from each trailer an 

employee will unload is specified before the simulation run.  Trailer-at-a-time with exact 

offloading specifies exactly which shipments from each trailer the employee will unload before 

the simulation run. 

 

As discussed previously, blocking occurs when two or more employees are unloading or loading 

onto the same trailer.  One employee unloading freight from an origin trailer or loading freight 

onto a destination trailer blocks the other employees from working from that trailer.  Table 16 

provides the average total labor time for each sequencing approach without blocking and with 

blocking for a dynamic layout as determined by the simulation model.  As expected, the total 

labor time increases with the addition of blocking since employees must wait for a trailer when it 

is blocked.  As shown, the nearest neighbor approach outperforms the other sequencing 

approaches in both the base simulation model and the simulation model with blocking. 
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Table 16.  Average Total Labor Time with Blocking for Dynamic Layout 

 Average Total Labor Time  

Sequencing Approach Base Model With Blocking % Increase Due 
to Blocking 

Trailer-at-a-Time 1213.05 1253.26 3.31% 
Trailer-at-a-Time with Offloading 1213.07 1936.13 59.61% 

Trailer-at-a-Time with Exact Offloading 1213.50 1939.29 59.81% 
Nearest Neighbor within a Group 1208.73 1252.45 3.62% 

Nearest Neighbor within a Shared Group 1267.31 1301.26 2.68% 
Nearest Neighbor 1203.33 1238.97 2.96% 

 

 

The impact of blocking on trailer-at-a-time, nearest neighbor within a group, nearest neighbor 

within a shared group, and nearest neighbor is minimal.  The trailer-at-a-time with offloading 

approaches incur substantially more blocking.  With the design of the sequencing approaches, 

trailer-at-a-time, nearest neighbor within a group, nearest neighbor within a shared group, and 

nearest neighbor will incur blocking only at the destination trailers.  The logic for these 

approaches does not send forklift employees to an origin trailer if another employee is already 

unloading a shipment from that trailer.  With the trailer-at-a-time with offloading approaches, 

however, blocking may occur at both the origin and destination trailers.  With these approaches, 

employees may arrive at the same origin trailer at the same time, since origin trailers are shared 

among employees.  Thus, the overall blocking tends to be higher with these approaches.  For 

total labor time with a dynamic layout, the nearest neighbor approach outperforms the other 

sequencing approaches in both the base simulation model and the simulation model with 

blocking. 

 

Table 17 shows that blocking also increases the time window for each of the solution 

approaches.  Again the impact of blocking on trailer-at-a-time, nearest neighbor within a group, 

nearest neighbor within a shared group, and nearest neighbor is minimal, while the impact of 

blocking on the trailer-at-a-time with offloading approaches is more substantial. 
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Table 17.  Average Time Window with Blocking for Dynamic Layout 

 Time Window  

Sequencing Approach Base Model With Blocking % Increase Due 
to Blocking 

Trailer-at-a-Time 418.91 427.93 2.15% 
Trailer-at-a-Time with Offloading 300.70 486.19 61.69% 

Trailer-at-a-Time with Exact Offloading 232.76 450.75 93.65% 
Nearest Neighbor within a Group 418.57 427.42 2.11% 

Nearest Neighbor within a Shared Group 417.01 425.66 2.07% 
Nearest Neighbor 426.56 435.49 2.09% 

 

 

For the time window measure with a dynamic layout, the trailer-at-a-time with offloading 

approaches perform best in the base simulation model while the nearest neighbor within a group 

and nearest neighbor within a shared group perform best in the model with blocking. 

 

For both the total labor time and the time window, the results generated by the simulation model 

tend to be pessimistic for the trailer-at-a-time with offloading.  The simulation model assumes 

that an employee will wait at a trailer until another employee is finished unloading a shipment.  

In reality, an employee will likely travel to a different trailer instead of waiting, if the employee 

decides the wait for the origin trailer will be too long.  Also, the simulation model assumes that 

employees can only access one shipment at a time from an origin trailer.  In reality, shipments 

may be loaded onto an origin trailer in such a way that multiple shipments can be accessed at one 

time.  For example, two shipments may be loaded next to each other, instead of one behind the 

other.  In this case, one employee may transfer handling units from one shipment, while the other 

employee works unloads handling units from other shipment. 

 

Although the trailer-at-a-time with offloading results generated by the simulation model are 

pessimistic, the simulation results do indicate that blocking is an important factor.  Since the 

trailer-at-a-time with offloading performed so well in the C++ analysis, an area for future 

research is to modify the trailer-at-a-time with offloading approach presented in this thesis to 

account for a more realistic environment.  Another area for future research is to modify the 

simulation model to further model the decision logic used by dock employees. 
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In summary, blocking increases both the total labor time and the time window.  The simulation 

results indicate that the impact of blocking on trailer-at-a-time, nearest neighbor within a group, 

nearest neighbor within a shared group, and nearest neighbor is minimal, while the impact of 

blocking on the trailer-at-a-time with offloading approaches is more substantial. 

 

Additional analysis is conducted with a full simulation model, removing more assumptions of the 

base simulation model.  The details of the additional simulation analysis are provided in 

Appendix A.  Although blocking does increase total labor time and the time window for a 

dynamic layout, additional simulation results indicate the dynamic layout with nearest neighbor 

sequencing still offers a substantial improvement over current industry practices and is the 

preferred solution approach.  The additional simulation analysis also indicates that other 

assumptions may be important factors to consider when developing solution approaches. 

 

5.5 Summary of Case Study Results 

The case study results presented in this chapter indicate that there are significant opportunities to 

reduce travel distance, total labor time, and bottleneck time at an LTL hub operation.  Table 18 

summarizes the preferred solution approaches, of those reviewed in this thesis, for all three of the 

measures.  The preferred solution approach is based on the average percent improvement for the 

measure when compared to the original layout and trailer-at-a-time unloading.  These 

conclusions are based on the analysis conducted with the C++ program.   

 

Table 18.  Summary of Case Study Results 

Measure Layout and Sequencing Approach Average Percent 
Improvement to Measure 

Total Distance Dynamic Layout with Nearest 
Neighbor Sequencing 56.2% 

Total Labor Time Dynamic Layout with Nearest 
Neighbor Sequencing 14.6% 

Bottleneck Time Dynamic Layout with Trailer-at-a-Time 
with Offloading Sequencing 40.1% 
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As described previously, the dynamic layout performs better than the original and semi-

permanent layout for total distance, total labor time, and bottleneck time.  For total distance and 

total labor time, the dynamic layout with nearest neighbor sequencing is the preferred approach.  

For bottleneck time, the dynamic layout with trailer-at-a-time with offloading performs best, 

while the nearest neighbor sequencing approach performs almost as well.  In general, the C++ 

case study results indicate that a dynamic layout with either trailer-at-a-time with offloading or 

nearest neighbor sequencing offers the largest potential for improvement. 

 

The assumptions and results of the hub layout and freight sequencing approaches are further 

evaluated using a simulation model.  The simulation model indicates that a dynamic layout with 

nearest neighbor sequencing offers the largest potential for improvement in a more realistic 

environment with probabilistic and dynamic events.  The simulation results also indicate that the 

trailer-at-a-time with offloading approach may need to be modified to account for more realistic 

dock conditions.  In summary, the approaches explored in this research offer significant 

opportunities to improve hub operations through reducing bottleneck time, total lobar time, and 

total travel distance. 
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CHAPTER VI  

SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH 

 

This research addresses two decision problems found at an LTL hub operation.  The first is how 

to assign trailers to dock doors, and the second is what is the best sequencing approach for 

unloading freight.  The following section summarizes this thesis and draws general conclusions.  

The last section in this chapter makes recommendations for future research. 

 

6.1 Summary and Conclusions 

Two layout approaches are presented and compared to the current practice of the sponsor 

company.  The current practice of the sponsor company is to assign all destination trailers to one 

side of the dock and all origin trailers to the other side of the dock.  The first approach presented 

in this research, referred to as the semi-permanent approach, is the most common approach found 

in the literature reviewed.  A typical semi-permanent approach involves developing an 

assignment of destination trailers to dock doors on a periodic basis and assigning origin trailers 

to dock doors on a nightly basis.  This research provides a detailed description of how to 

construct a semi-permanent layout and assign origin trailers on a nightly basis.  The second 

layout approach presented in this research is referred to as the dynamic layout approach and 

assigns all trailers to doors on a nightly basis.  Both the semi-permanent and dynamic approaches 

presented in this research perform better than the original layout approach, with the dynamic 

layout approach performing the best.  Using improved layout techniques offers the opportunity to 

reduce forklift travel distance, total labor time, and bottleneck time. 

 

Five freight sequencing approaches are presented and compared in this research, including: 

1. Trailer-at-a-Time; 

2. Trailer-at-a-Time with Offloading; 

3. Nearest Neighbor within a Group; 

4. Nearest Neighbor within a Shared Group; and 

5. Nearest Neighbor. 
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In the C++ analysis, the nearest neighbor and trailer-at-a-time with offloading approaches result 

in the most significant improvements to bottleneck time.  The improvements in bottleneck time 

represent freight moving out of the hub sooner, thus decreasing the time it takes to move freight 

from origin service center to destination service center.  The nearest neighbor approach results in 

the largest reduction of total labor time and total travel distance. 

 

The simulation experiments indicate that blocking is an important factor when using trailer-at-a-

time with offloading.  The simulation results also indicate that a dynamic layout with nearest 

neighbor sequencing offers the largest potential for improving total labor time and bottleneck 

time. 

 

This research makes the following contributions: 

• Presents and tests a detailed method for constructing a semi-permanent solution; 

• Develops a method for initial assignment of origin trailers to strip doors on a nightly 

basis when using a semi-permanent layout; 

• Develops and tests a dynamic layout approach to take advantage of recent advances 

in information technology; 

• Develops and tests methods for unloading freight, other than the traditional trailer-at-

a-time method; and 

• Provides methods to reduce travel distance, total labor time, and bottleneck time at an 

LTL hub operation. 

A major contribution of this research is that it begins to explore dramatically different 

approaches than the ones currently used in practice, specifically, a dynamic layout approach and 

unloading in a manner other than trailer-at-a-time.  Exploring these options raises other questions 

for future research in an LTL hub operation. 

 

6.2 Future Research 

Less-than-truckload hub operations offer a rich area for future research.  This is due to both the 

highly competitive nature of the LTL industry and the lack of previous research.  Recent 

advances in information technology also increase the possibility of improvement in LTL hub 
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operations.  This thesis examines a broad range of possible improvements to LTL hub operations 

through trailer-to-door assignment and freight sequencing.  Additional research may be 

conducted to improve specific aspects of the trailer-to-door assignment problem and freight 

sequencing problem.  Examining these problems in a more integrated manner may also allow for 

further improvement.  This section reviews potential areas for future research for both problems. 

 

The layout portion of this research offers several areas for future research.  The pair-wise 

exchange method presented in this thesis makes improvements based on the total distance 

traveled.  By assuming equal unload and load times, a constant travel speed, and neglecting the 

effects of blocking and congestion, minimizing the travel time also minimizes the total labor 

time.  Bartholdi and Gue [5] and Gue[13][14] explicitly consider the effects of a layout on 

blocking and congestion.  They use labor hours per pound as a basis for improvement in the pair-

wise exchange. Gue also assumes a constant travel speed.  A potential area for future research is 

to combine the details of blocking and congestion, provided by Gue, along with the dynamic 

layout approach presented in this thesis.  This model could be further improved by considering 

the variability in unload and load times and travel speed.   

 

Another area for future research would be to investigate the possibility of using other 

improvement techniques (such as genetic algorithms or simulated annealing) in the dynamic 

layout solution, along with a better estimate of work content.  Bermeduz and Cole [6] begin to 

examine the possibility of using genetic algorithms to assign trailers to doors but only consider a 

semi-permanent solution and use weighted distance in the objective function.   

 

In all other research reviewed, a dynamic layout was not considered an option, due to lack of 

information being available in a timely manner.  Some LTL carriers may still not have the 

information available in a timely manner, or choose to continue using a semi-permanent layout 

for other reasons.  Since a semi-permanent layout is based on the average origin trailer, it is a 

good solution as long as the characteristics of an average trailer do not change significantly.  If a 

semi-permanent layout it used, it would be helpful for dock employees to have a tool to 

determine when freight mix has changed enough to require a new semi-permanent layout. 
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For the hub layout problem, this research, and the other research examined, assumes there are a 

fixed number of doors available, and the trailers are assigned to those doors as a quadratic 

assignment problem.  Sometimes the number of origin trailers is greater than the number of 

doors available.  In previous research, the additional trailers have been ignored, except for in 

Gue’s research [13].  Although Gue offers a solution to deal with the additional trailers, he still 

assumes the first arriving trailers fill up all available doors.  An area for future research would be 

to assign trailers to doors on an even more dynamic basis.  When a trailer arrives, it may actually 

be emptied before other trailers arrive.  Therefore the door assigned to the empty trailer is 

available, but an arriving trailer may be placed at a door not as good as the newly available door.  

Considering the newly available door will increase the number of possible solutions, and 

therefore increase the likelihood of an improved solution.  One possible solution may be to 

approximate when trailers will be empty during the night, and then make trailer-to-door 

assignments at the beginning of the night, considering the turnover of empty trailers.  Another 

solution would be to run an algorithm as a trailer arrives, that considers which doors are 

currently available.  Any algorithm that makes the trailer-to-door assignment in real time would 

also have to consider the trailers that would be arriving in the near future in order to prevent sub-

optimization of the model. 

 

The information technology currently available has allowed an improved hub layout solution 

approach and the possibility of unloading freight in a manner besides trailer-at-a-time.  Although 

information available to dock employees has greatly improved over the past 10 years, there are 

still many unknowns.  For example, manifests ideally list freight in the order it is loaded onto an 

origin trailer.  Occasionally there are errors on the manifest, resulting in freight not being 

available when expected.  Also, the high variability in unload times, load times, and travel 

speeds makes it difficult to predict when an employee will be finished with a job, or how long it 

actually takes to unload an origin trailer.  This research utilizes the handling unit information 

available as a measure of the number of trips required to move a shipment.  While this measure 

is better than the traditional weighted distance measure, the number of handling units listed on 

the manifest often do not accurately reflect the number of trips actually required to move a 

shipment.  Any research that reduces errors and increases predictability in the current system will 

make the solution approaches presented in this thesis more effective.  These improvements may 
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also allow for solution approaches that are not currently possible, such as generating a list of 

shipments for each worker to handle at the beginning of the night. 

 

The proposed hub layout solution approach makes improvements based on distance while 

assuming trailer-at-a-time unloading.  Assuming other unloading techniques when applying the 

hub layout improvement technique may generate better solutions. 

 

Within the freight sequencing problem, the assignment of workers to groups is an area that may 

benefit from further research.  The trailer-at-a-time assignment presented in this thesis considers 

the work content of each trailer when assigning workers to trailers.  In reality, workers may have 

to wait on trailers to arrive, and the wait time should be considered when assigning workers to 

trailers.  This problem is complicated by the fact that wait time depends upon the assignment of 

handling units to workers and the assignment of trailers to doors and is not completely known, 

since the time to unload a trailer is not predictable. 

 

The nearest neighbor within a group solution presented in this thesis assigns a worker to a group 

based on the trailer-at-a-time assignment.  If workers are traveling to the nearest neighbor within 

their group, the assignment of the group based on trailer-at-a-time assignments may not be the 

best assignment.  The same is true for nearest neighbor within shared group.  These assignments 

are based on whether or not a worker visits a trailer in trailer-at-a-time with offloading.  A better 

way to assign the shared groups may result in better performance. 

 

Another area for future research is the performance measurement systems used to make 

improvements to the current system.  Current measurements include weighted distance, labor-

hours per pound, bottleneck time, and total labor time.  The objective of the current research 

focuses decreasing the amount of time shipments spend at the hub, in order to increase customer 

service, and on reducing the labor costs.  This research attempts to decrease the amount of time a 

shipment spends at the hub by decreasing the time window, or bottleneck time.  This research 

examined the total labor time as a reflection of cost and the bottleneck time as a reflection of 

time spent at the hub.  Traditional manufacturing measures of service may be used to measure 

the performance at the hub, such as average through time, number of tardy shipments, or 
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maximum lateness of shipments.  Research that quantifies the economic impact of a customer 

service measure along with the labor costs at the hub would be helpful in developing solutions 

that are most effective in improving the entire LTL system. 
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APPENDIX A 

SIMULATION OF LTL HUB 
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The solution approaches presented in the main body of this thesis are based on generating a static 

solution.  The assignment of all trailers to doors and shipments to workers occurs before the 

beginning of a hub operation, with system variation and several other factors assumed to be 

insignificant.  This static solution approach was tested in C++ and the results were used to 

determine the preferred hub layout and freight sequencing approach.  The results indicate that the 

semi-permanent layout approach is better than the original layout approach, and the dynamic 

layout approach is better than both the semi-permanent and original layout approaches.  For the 

freight sequencing approach, two sequencing rules perform well: nearest neighbor and trailer-at-

a-time with offloading.   

 

In order to further analyze the hub layout and freight sequencing approaches described in the 

main body of the thesis, a simulation model is developed and analyzed.  The simulation model is 

developed in Arena [16] to further examine the impact of the solution approaches, in a more 

realistic environment.  This appendix describes the simulation model, the verification and 

validation of the model, the results of testing the thesis assumptions, and the expected 

improvements generated by the simulation model. 

 

 

A.1  Description of Simulation Model 

A discrete event simulation model is developed in Arena [16] to further analyze the hub layout 

and freight sequencing approaches presented in the thesis.  The simulation model allows the 

incorporation of dynamic and probabilistic events and provides a method to: 

• Explore the impact of the hub layout and freight sequencing approaches; 

• Test the assumptions of the thesis approach; 

• Provide a more accurate estimate of performance measures; and 

• Conduct what-if analysis. 

 

The simulation model uses the results of the dynamic trailer-to-door assignment for each 

evening, as well as a given set of freight shipments, and evaluates the performance of each of the 

freight sequencing methods.  The simulation incorporates actual operational data, information 

collected from the Greensboro facility, and information from members of the Averitt Express 
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Systems Design Group.  The following sections describe the inputs to the simulation model, the 

outputs from the model, and the functions of the model. 

 

A.1.1 Inputs and Outputs of the Simulation Model 

The primary inputs to the simulation model are: hub layout, expected origin trailers arrivals for 

the evening, and characteristics of the freight that needs to be transferred from the expected 

origin trailers.  The hub layout specifies the assignment of both origin and destination trailers to 

the dock doors.   The information on origin trailer arrivals includes the expected arrival time.  

The important characteristics of the shipments include the origin and destination of each 

shipment and the number of handling units for each shipment.   

 

The primary outputs of the simulation model include information related to the hub performance.  

The main performance measures evaluated by the simulation include total labor time and the 

time window.  The time window spans the time from the start of the evening’s operation until the 

last shipment is loaded.  The bottleneck time described in the thesis and the time window are the 

same if all employees begin transferring freight at the beginning of the evening.  In actual 

operations, however, the employees may start after the beginning of the hub operation due to the 

dynamic arrival of employees and origin trailers.  Thus, the bottleneck time refers to the time 

spent by the employee with the largest workload and the time window refers to the time span 

from the start of the evening’s operations until the last shipment leaves the hub. 

 

The simulation model also provides the capability to capture other performance measures, 

including average amount of time a shipment spends at a hub, maximum time a shipment spends 

at the hub, and number of shipments at the hub over a certain amount of time.  Currently Averitt 

Express allows a standard three hours at the hub for every shipment.  This allowance is not 

currently met by all shipments, but Averitt Express would like to reduce the allowance.  This 

simulation model measures the performance of a sequencing rule by the improvement to the 

number of shipments spending over 3 hours at the hub.  Other details are also provided in the 

simulation model to reflect the maximum time and average time shipments are at the hub. 
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A.1.2 Functions of the Simulation Model 

The simulation model emulates the hub operations and allows the inclusion of dynamic and 

probabilistic events.  The main functions included in the simulation model are: 

• Trailer arrival; 

• Employee operations; 

• Freight unloading, transporting, loading, and zoning; 

• Freight sequencing; and 

• Trailer departure. 

The following sections describe these in more detail. 

 

A.1.2.1    Trailer Arrival 

The model will simulate one night’s activity at the Greensboro hub.  A night of hub activity will 

include all trailers arriving at the hub between 9:00 p.m. and 4:00 a.m.  The actual arrival times 

of origin trailers taken from historical data are used in the model to schedule the arriving trailers.  

The trailer-to-door assignments are generated using the hub layout algorithm (from the thesis) 

for the first arriving trailers.  There may be more origin trailers than total strip doors.  In these 

scenarios, only the first arriving origin trailers, up to the total number of strip doors, are assigned 

to doors through the algorithm.  The remaining trailers, referred to as late arriving trailers, will 

be assigned to doors based on decision rules.   

 

Decision rules developed by Gue [13] are used to assign late arriving trailers to dock doors.  If a 

trailer arrives at the hub and only one door is available, then the late arriving trailer is assigned to 

that door.  If a trailer arrives at the hub and multiple doors are available, then the trailer is 

assigned to the door that results in the lowest travel distance, assuming trailer-at-a-time, of the 

available doors.  If a trailer arrives at the hub and there are no available doors, then the trailer 

waits in queue.  Each trailer has a priority of which door is best for them.  When a door becomes 

available, the queue is searched to find the trailer that has the highest priority for the open door.  

Additional details are provided by Gue [13]. 

 

When a trailer is removed from a door and replaced by another trailer, the entire process takes 15 

minutes.  Therefore, just removing a trailer or placing a new trailer will take 7.5 minutes.   
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A.1.2.2   Employee Operations 

This section describes general employee operations.  The arrival and departure of employees is 

described along with the operations related to shipments and handling units. 

 

Arrival and Departure of Employees 

The thesis approach assumes a fixed number of dock employees.  For example six employees are 

used for the Greensboro hub (although the actual number can be modified for other hubs).  The 

simulation model assumes that the number of employees present can vary throughout the night.  

At the Greensboro hub, two of the six employees are available at the beginning of the shift.  The 

remaining four dock employees are actually drivers that will become available as trucks arrive.  

For example, after two trucks have arrived, there will be four dock employees.  After four trucks 

have arrived, there will be six dock employees, and no additional dock employees are added.   

 

Employees may depart before the end of the shift.  For trailer-at-a-time, trailer-at-a-time with 

offloading, and nearest neighbor within a group, the employee leaves when after unloading and 

loading all of their assigned freight.  For the nearest neighbor solution, employees stay until the 

amount of freight left to unload is below a certain level and then some employees are sent home.  

This is done because having too many employees and too little freight may result in a high level 

of blocking or employees waiting for trailers to become available.  For the nearest neighbor 

within a shared group solution, the employees also leave when the freight is below a certain 

level, but the employee can only leave if there are other employees remaining to cover the 

shipments in the shared group.  The level used to determine when to start sending employees 

home is when the remaining number of origin trailers with freight is less than or equal to the total 

number of workers.  In other words, if there are six employees, when there are six or fewer 

origin trailers to unload, some employees may be sent home.  In this model, the maximum 

number of employees that can leave before the night’s activity is completely finished is four.  All 

employees are assumed to perform at the same level. 
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Shipments and Handling Units 

One shipment may contain multiple handling units, resulting in multiple trips between the origin 

trailer and destination trailer in order to completely unload the shipment.  It is assumed that the 

same employee will complete a shipment, and there will not be multiple employees unloading 

the same shipment.  It is assumed that while an employee is in the middle of unloading a 

shipment, that origin trailer is blocked to other employees. 

 

Dock employees typically carry one handling unit at a time on their forklifts.  Sometimes, 

however, employees may carry multiple handling units of the same shipment on a single trip.  An 

example would be stacking two handling units on top of each other.  Another reason handling 

units might be carried together is that they may be mis-labeled, and actually be just one handling 

unit.  For example, 4 boxes may be listed as 4 handling units, but in reality they are bound 

together on one pallet as a single handling unit.  The exact data of which shipments are carried in 

multiple trips, and how many handling units are moved per trip is not available in advance.  In 

the simulation model, if a shipment has only one handling unit, a single trip with one handling 

unit is used to transport this shipment.  For shipments with multiple handling units, statistical 

data is used to model the number of handling units per trip.  The data used for the number of 

handling units per trip is shown below.  These numbers were taken from shipments with multiple 

handling units. 

 

Table A.1.  Number of Handling Units Carried per Trip 

 Occurrence Probability Cumulative 
Probability 

Number of Trips with 1 HU 294 66.97% 66.97% 
Number of Trips with 2 HU 74 16.86% 83.83% 
Number of Trips with 3 HU 23 5.24% 89.07% 
Number of Trips with 4 HU 10 2.28% 91.34% 
Number of Trips with 5 HU 4 0.91% 92.26% 
Number of Trips with 6 HU 2 0.46% 92.71% 
Number of Trips with 7 HU 5 1.14% 93.85% 
Number of Trips with 8 HU 8 1.82% 95.67% 
Number of Trips with 9 HU 2 0.46% 96.13% 

Number of Trips with 10 or More HU 17 3.87% 100.00% 
Total 439 100.00% - 
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For the trips with more than 10 handling units per trip, the number of handling units ranged from 

10 to 25.  The exact formulation used in Arena to determine the number of handling units per trip 

for shipments with multiple handling units is: 

 

MIN(NumHU(CurrentShipment),DISC(.6697,1,.8383,2,.8907,3,.9134,4,.9226,5,.9271,6,.9385,7,

.9567,8,.9613,9,1.0,UNIFORM(10,25))) 

 

where NumHU(CurrentShipment) is the number of handling units that still need to be transferred 

on the current shipment.  This formulation ensures that an employee will not be assigned to more 

handling units than the number that still need to be transferred. 

 

A.1.2.3   Freight Unloading, Transporting, Loading, and Zoning 

This section describes the transferring of freight at the hub.  Freight unloading, freight loading, 

zoning-out, and transferring of freight are described. 

 

Unloading Freight 

Unloading of freight can be broken down into smaller steps, such as scan package and load 

package on forklift.  In the simulation model, however, unloading activities are bundled together 

and follow a lognormal unload time distribution [LOGN(0.733,0.602) min].  The unload activity 

is considered in progress from the time the forklift driver arrives at the available origin trailer 

until the time the dock employee leaves that door.  Each piece of freight is assumed to follow the 

same load time distribution, regardless of freight characteristics, such as weight.  A dock 

employee cannot unload from a trailer while another employee is unloading a piece of freight 

from that trailer.  The dock employee must wait for the trailer to become available.  This wait 

time is not included in the unloading or travel time distributions.   

 

Loading Freight 

The loading of freight also follows a loading time distribution that spans the time from when the 

dock employee reaches the available destination door until the time the dock employee leaves 

that door.  Based on time study data, the loading time is estimated by an exponential distribution 

(EXPO(0.723) min).  As with the origin trailers, a dock employee cannot load freight onto a 
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trailer if someone else is currently loading freight onto that same trailer.  The dock employee 

must wait for the trailer to become available.  Wait times are not included in the load time 

distribution.  It is assumed that each piece of freight follows the same load time distribution, 

regardless of freight characteristics, such as weight. 

 

Transferring Freight 

Two travel speed distributions are used to determine the travel time between doors.  Based on 

historical data, the unloaded travel speed distribution is estimated by an exponential distribution 

(305 + EXPO(257) ft/min), while the loaded travel speed distribution is estimated by a weibull 

distribution (107 + WEIB(281,1.02) ft/min).  Averitt Express has provided a distance grid of 

travel distances between dock doors.  These distances, along with the travel speed distributions 

are used to determine the travel times.  A distribution of travel speeds is used instead of a 

constant travel speed, because sometimes dock employees must slow down as they pass each 

other or stop completely to let someone by a narrow aisle. 

 

Zoning-Out Freight 

Often freight in a hub must be placed on the dock floor.  When a piece of freight is placed on the 

dock floor it is referred to as “zoned-out.”  This is because there are zones in front of each door 

that can accommodate freight until it is loaded onto a destination trailer.  Zoning-out freight 

occurs when the correct destination trailer is not ready for loading, or the freight is classified as 

ugly freight.  Ugly freight is freight that does not pack well into a trailer.  By placing ugly freight 

on a trailer first, not as many total shipments can be placed on that trailer.  Therefore, ugly 

freight is loaded on a trailer when it will create the least amount of problems for loading other 

shipments, which is usually after all other shipments are loaded.  The ugly freight is placed on 

the dock until it can be loaded onto the correct trailer.   

 

In the thesis approach, it is assumed that no shipments are zoned-out.  Shipments are assumed to 

go directly from origin to destination.  In the data provided by Averitt Express, the exact 

shipments zoned-out are known, along with the amount of time spent zoned-out.  Thus, if a 

shipment was zoned out in actual operations, then it is zoned out in the simulation model.   A 

shipment can be removed from the zone for various reasons, including the correct destination 
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trailer becomes available or the freight would now fit well into the destination trailer.  No data is 

available for the reason a piece of freight is removed from a zone.  The simulation model, 

therefore, uses a distribution of time spent in a zone to determine when a shipment is ready to 

leave the zone.  The time spent in zone is taken from historical data and is estimated by a beta 

distribution (-0.001+228*BETA(0.787,1.12) min).  After a shipment has been in a zone for its 

assigned time, it is flagged as ready to be removed from the zone.  After an employee loads a 

shipment onto a destination trailer, the employee checks for freight that is ready to be removed 

from the zone before going to their next shipment on an origin trailer. 

 

In some cases a piece of freight that is zoned-out during the nightly hub operation remains in the 

zone when the hub operation is finished.  Exact data is available, and when a piece of freight 

remains zoned out in reality, it will also remained zoned-out in the model. 

 

A.1.2.4   Freight Sequencing 

The freight unloading sequence refers to the sequence a dock employee unloads and loads 

freight.  The sequences used in the simulation model are dynamic, such that the decision of 

where to send the employee next is made after the employee is finished with a shipment.  The 

decision rules for where to send an employee follow those presented in the thesis and include: 

1. Trailer-at-a-time; 

2. Trailer-at-a-time with offloading; 

3. Trailer-at-a-time with exact offloading; 

4. Nearest neighbor within a group; 

5. Nearest neighbor within a shared group; and 

6. Nearest neighbor. 

 

The differences between the approaches presented in the thesis and the approaches used in 

building the simulation model are discussed in this appendix.  Some of the differences include 

using unload time, load time, travel time distributions, instead of using averages, considering that 

not all employees and trailers are available at the beginning of the night, and allowing multiple 

handling units to be carried on each trip. 
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The trailers assigned to an employee with trailer-at-a-time, trailer-at-a-time with offloading, 

nearest neighbor within a group, and nearest neighbor within a shared group are generated by the 

approach used in the thesis.  There are two trailer-at-a-time with offloading approaches examined 

by the simulation model.  In the first, trailer-at-a-time with offloading, the number of shipments 

from each trailer an employee will unload is specified before the simulation run.  Trailer-at-a-

time with exact offloading specifies exactly which shipments from each trailer the employee will 

unload before the simulation run. 

 

A.1.2.5   Trailer Departure 

A destination trailer departs the hub when the trailer is full.  A distribution of shipments per 

trailer has been generated from historical data and is used to determine when a trailer is full 

(3+WEIB(18.8,0.824)).  A destination trailer is also considered full when there are no more 

shipments to that destination for the evening.   

 

 

A.2  Verification and Validation 

Verification is the “process of ensuring that the Arena model behaves in the way it was intended 

according to the modeling assumptions made” [16].  The Averitt Express model was verified by 

tracing entities through the system to ensure a forklift was traveling to the correct locations.  

Several different variables were also animated to ensure that arrays were being incremented 

correctly.  These animated variables also ensured that the correct decisions are being made when 

a forklift driver is assigned to a new shipment, a new origin trailer arrives and is assigned to a 

door, a destination trailer is full and leaves, a destination trailer is empty, and a worker is done 

for the evening. 

 

The validation of the Averitt model ensures that the model replicates actual operations at the 

dock during a hub operation.  Validation was performed by comparing activities observed during 

two visits (one in September 2002 and one in January 2003).  The main validation was to 

determine if the total time to complete a night’s activity is similar for the simulation model and 

real system.  From observation and information gathered from Averitt employees, the majority of 
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the hub operations occur between 10:00 p.m. and 3:00 a.m., and the busiest time is between 

11:00 p.m. and 2:00 a.m. 

 

Figure A.1 shows the percentage of shipments that have left the hub over time for a specific 

evening (April 3, 2003) with trailer-at-a-time unloading, which is the current practice.  The 

multiple lines are the result of 20 replications of the simulation model performed for April 3rd.  

The hub operations are assumed to start at 9:00 p.m., which is the starting time of the simulation 

model (time 0). 

 

Figure A.1.  Graph of the Percentage of Total Shipments that Have Left the Hub 

 

The graph indicates that by approximately 300 minutes, or 2:00 am, the number of shipments 

that are leaving per unit time begins to decrease, indicated by the curve becoming flatter.  This is 

consistent with observations of the hub operation, which indicated the busiest time ends around 

2:00.  Also, the graph indicates that by 360 minutes, or 3:00 am, 90% to 95% of the freight is 

loaded, which is also consistent with observations at the hub operation.  Graphs of this nature 

were generated for other nights with similar results. 
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In addition to the above validation, several factors were removed from the simulation model to 

verify that given the same assumptions, the simulation model will generate similar results as the 

thesis approach.  In general, the bottleneck time and total labor time from the thesis approach and 

simulation model are within 2% of each other, on average, using the same assumptions. 

 

Ideally, the model may be further verified by comparing dock characteristics over several nights 

to outputs of the simulation model for the same nights.  For example tracking the actual average 

time to unload origin trailers over a week could be compared to the simulation’s average time to 

unload origin trailers for the same week. 

 

A.3 Number of Replications 

A total of 20 replications were run for each scenario and each night.  Using an alpha value of .05, 

the confidence interval is calculated as: 

n
)n(st)n(X

2

)2/05.1(,1n −−±  

where n is the number of replications, )n(X  is the average of the n replications, tn-1,(1-.05/2) is the 

t-value with n-1 degrees of freedom and an alpha value of 0.05 (divided by two, since it is two-

sided), and the s2 term is the variance of the sample.  The full simulation model with a dynamic 

layout, trailer-at-a-time unloading, one night’s operations, and the total labor measure was used 

to verify that 20 replications is sufficient.  Using an alpha equal to 0.05 and the shipment data 

from April 2, 2003, the average total labor time across the 20 replications is 2294.2 minutes, with 

a half width of 64.89 minutes.  Therefore, with 95% confidence, the total labor time is between 

2229.31 and 2359.09.  In other words, with 95% confidence, the total labor is within 2.83% of 

the given average. 

 

A.4  Analysis of Impact of Assumptions on Solution Approach using Simulation Model 

The simulation model is designed to explore the impact of the freight sequencing approaches for 

a given layout.  The simulation model also provides the ability to evaluate the following: 

1. Impact of blocking; 

2. Variation in unload time, load time, empty travel speed, and loaded travel speed; 

3. Destination trailers are not always available for loading; 
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4. Shipments are zoned-out; 

5. Multiple handling units per trip are transported; 

6. Origin trailers arrive at various times throughout the night; and 

7. Additional forklift employees arrive with additional origin trailers. 

 

The approaches presented in the thesis do not consider the effect of late arriving trailers.  In the 

thesis approach, if 12 strip doors are available, and 14 origin trailers are scheduled to arrive, the 

last 2 origin trailers are not considered in the analysis of the layout or sequencing approaches.  

The simulation approach does provide a method for assigning the late arriving trailers to doors, 

and the dynamic nature of the simulation unloading assignments allows for these late arriving 

trailers to be unloaded.  Since nights with late arriving trailers would not be suitable for direct 

comparison, only the nights with no late arriving trailers are considered for testing the 

assumptions of the thesis approach.  Of the 10 nights used in the thesis approach, 7 are used to 

test the assumptions of the thesis approach.  The results of the other 3 nights are removed from 

the thesis results, so that a direct comparison can be made. 

 

The simulation model with the thesis approach assumptions is run to verify that both approaches 

give similar results when using the same assumptions.  The simulation model with the same 

assumptions as the thesis is also referred to as the base simulation model.  Each assumption is 

then added back to the base simulation model one at a time, in the order listed previously.  The 

results of the simulation model with the assumption are then compared to the results of the base 

simulation model.  This approach gives insight on the impact of the assumptions on the 

performance measures and the robustness of the solution approaches. 

 

The simulation model provides a powerful tool for a wide variety of analyses.  The analyses 

described in the this appendix include: 

• Direct comparison of results of the simulation model to the results of the thesis 

approaches using the same set of assumptions; 

• Detailed analysis of the impact of blocking on the performance measures; and 

• Description of the results of incorporating the other simulation features. 
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A.4.1 Direct Comparison of Thesis Results with Simulation Results 

This section compares the results of the thesis approach to the results of the simulation model for 

the same assumptions.  Given the same assumptions, these two approaches should give the 

similar results.   

 

For this analysis, only trailer-at-a-time and trailer-at-a-time with exact offloading are compared.  

These are the only approaches where the exact shipments are handled by the same worker in both 

the thesis approach and simulation model.  As shown in Table A.2, the bottleneck time and total 

labor times are within 2% on average.   

 

Table A.2.  Comparison of Thesis Approach and Static Simulation Model 

 Bottleneck Time Total Labor Time 

Sequencing Approach Range of 
Differences 

Average % 
Difference 

Range of 
Difference 

Average % 
Difference 

Trailer-at-a-Time 0.28% to 1.65% 0.89% 0.77% to 2.63% 1.43% 

Trailer-at-a-Time with Exact 
Offloading 0.68% to 2.59% 1.41% 0.77% to 2.55% 1.44% 

 

 

Given these results, the simulation model with the same assumptions as the thesis (base 

simulation model) will be considered the same as the thesis approach.  The assumptions used in 

the thesis will be tested by incorporating additional assumptions into the simulation model one at 

a time.  The results will then be compared to the results obtained with the base simulation model. 

 

A.4.2 Impact of Blocking 

As discussed previously, blocking occurs when two or more employees are unloading or loading 

onto the same trailer.  One employee unloading freight from an origin trailer or loading freight 

onto a destination trailer blocks the other employees from working from that trailer.  Table A.3 

provides the average total labor time for each sequencing approach without blocking and with 

blocking for a dynamic layout.  As expected, the total labor time increases with the addition of 

blocking since employees must wait for a trailer when it is blocked. 
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Table A.3.  Average Total Labor Time with Blocking 

 Average Total Labor Time  

Sequencing Approach Base Model With Blocking % Increase Due 
to Blocking 

Trailer-at-a-Time 1213.05 1253.26 3.31% 

Trailer-at-a-Time with 
Offloading 1213.07 1936.13 59.61% 

Trailer-at-a-Time with 
Exact Offloading 1213.50 1939.29 59.81% 

Nearest Neighbor 
within a Group 1208.73 1252.45 3.62% 

Nearest Neighbor 
within a Shared Group 1267.31 1301.26 2.68% 

Nearest Neighbor 1203.33 1238.97 2.96% 

 

 

The impact of blocking on trailer-at-a-time, nearest neighbor within a group, nearest neighbor 

within a shared group, and nearest neighbor is minimal.  The trailer-at-a-time with offloading 

approaches incur substantially more blocking.  With the design of the sequencing approaches, 

trailer-at-a-time, nearest neighbor within a group, nearest neighbor within a shared group, and 

nearest neighbor will incur blocking only at the destination trailers.  The logic for these 

approaches does not send forklift employees to origin trailer if another employee is already 

unloading a shipment from that trailer.  With the trailer-at-a-time with offloading approaches, 

blocking may occur at both the origin and destination trailers.  With these approaches, employees 

may arrive at the same origin trailer at the same time, since origin trailers are shared among 

employees.  Thus the overall blocking tends to be higher with these approaches. 

 

The average percent improvements for each of the sequencing approaches, when compared to 

trailer-at-a-time, are shown in Table A.4.  For total labor time, the nearest neighbor approach 

outperforms the other approaches, both in the base simulation model and the simulation model 

with blocking. 
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Table A.4.  Average % Improvements to Total Labor Time 
With and Without Blocking 

 Average % Improvement 

Sequencing Approach Base Model With Blocking 

Trailer-at-a-Time with Offloading 0.01% -43.44% 

Trailer-at-a-Time with Exact Offloading -0.04% -44.57% 

Nearest Neighbor within a Group 0.04% 0.07% 

Nearest Neighbor within a Shared Group -3.95% -3.89% 

Nearest Neighbor 0.91% 1.40% 

 

 

Table A.5 shows that blocking also increases the time window for each of the solution 

approaches.  Again the impact of blocking on trailer-at-a-time, nearest neighbor within a group, 

nearest neighbor within a shared group, and nearest neighbor is minimal, while the impact of 

blocking on the trailer-at-a-time with offloading approaches is more substantial. 

 

Table A.5.  Average Time Window with Blocking 

 Time Window  

Sequencing Approach Base Model With Blocking % Increase Due 
to Blocking 

Trailer-at-a-Time 418.91 427.93 2.15% 

Trailer-at-a-Time with 
Offloading 300.70 486.19 61.69% 

Trailer-at-a-Time with 
Exact Offloading 232.76 450.75 93.65% 

Nearest Neighbor 
within a Group 418.57 427.42 2.11% 

Nearest Neighbor 
within a Shared Group 417.01 425.66 2.07% 

Nearest Neighbor 426.56 435.49 2.09% 

 

 

Table A.6 shows the average percent improvement with and without blocking.  For the time 

window measure, the trailer-at-a-time with offloading approaches perform best in the base 
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simulation model while the nearest neighbor within a group and nearest neighbor within a shared 

group perform best in the model with blocking. 

 

Table A.6.  Average % Improvement to Time Window with Blocking 

 Average % Improvement 

Sequencing Approach Base Model With Blocking 

Trailer-at-a-Time with Offloading 11.13% -16.24% 

Trailer-at-a-Time with Exact Offloading 33.51% -6.15% 

Nearest Neighbor within a Group 0.12% 0.20% 

Nearest Neighbor within a Shared Group 0.27% 0.31% 

Nearest Neighbor -3.58% -2.85% 

 

In summary, blocking increases both the total labor time and the time window.  The impact of 

blocking on trailer-at-a-time, nearest neighbor within a group, nearest neighbor within a shared 

group, and nearest neighbor is minimal, while the impact of blocking on the trailer-at-a-time with 

offloading approaches is more substantial.  For total labor time, the nearest neighbor approach 

outperforms the other approaches, both in the base simulation model and the simulation model 

with blocking.  For the time window measure, the trailer-at-a-time with offloading approaches 

perform best in the base simulation model while the nearest neighbor within a group and nearest 

neighbor within a shared group perform best in the model with blocking. 

 

 

A.4.3 Comparison of the Independent Simulation Assumptions to the Thesis Assumptions 

The same approach used for analyzing the impact of blocking is also used to explore the impact 

of each of the individual thesis assumptions.  Each of the thesis assumptions is individually 

incorporated to the base simulation model and the results for total labor time and the time 

window are evaluated.  Table A.7 shows the average total labor time and the time window for 

each of the assumptions when using a dynamic layout and trailer-at-a-time unloading. 
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Table A.7.  Affect of Assumptions on Performance for Trailer-at-a-Time 

Assumption Total Labor 
Time 

Time 
Window 

Static Model 1213.05 416.54 

Variation in load time, unload time, and travel speeds 1256.71 432.76 

Destinations not always available 1943.17 551.96 

Shipments are zoned-out 1959.76 514.69 

Multiple handling units per trip 829.26 232.32 

Dynamic arrival of trailers 1996.58 584.79 

Dynamic arrival of trailers and employees 1736.72 584.79 

Blocking 1253.26 427.93 

 

 

Each of the assumptions increase both the total labor time and time window, except for multiple 

handling units per trip.  The zoning-out of shipments, destination trailers not always being 

available, and the dynamic arrival of origin trailers appear to substantially increase the 

performance measures for trailer-at-a-time freight sequencing.  In addition to increasing the 

magnitude of the performance measure, some of the assumptions appear to change the general 

conclusions of the base simulation model as to the preferred solution approach.  These 

assumptions are blocking, zoned-out freight, and multiple handling units. 

 

It is important to note that many of the assumptions may interact with each other.  Thus, even an 

assumption that does not appear to have a substantial impact on performance when examined 

individually, may have a more substantial impact in conjunction with other assumptions.  Also, 

assumptions that have a large impact when examined individually may have very little affect on 

the complete system when examined in conjunction with other assumptions. 
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A.5 Overall Performance of Sequencing Approaches with a Dynamic Layout 

After reviewing the affects of the assumptions on an individual basis, the complete simulation 

model with all of the assumptions is run to analyze the hub operation in a more realistic 

environment.  First the impact of a dynamic layout approach is compared to an original layout.  

The impact of using both a dynamic layout approach and various sequencing approaches is then 

compared to the original layout approach with trailer-at-a-time unloading.  Finally the affects of 

the various sequencing techniques are explored with a dynamic layout. 

 

In comparing the dynamic layout approach to the original layout approach, Table A.8 shows that 

the average total labor time for a given sequencing approach is slightly less for the dynamic 

layout.  This is due to the reduced travel distance that results from placing trailers with high 

freight flow between them close together.  Table A.8 also shows the overall improvement in total 

labor time that can be realized by using a dynamic layout and the various sequencing approaches. 

 

Table A.8.  Total Labor Time Improvements 

 Average Total Labor Time 
(minutes) 

 

Sequencing Approach Original 
Layout 

Dynamic 
Layout 

Overall % 
Improvement 

in Total 
Labor Time 

Trailer-at-a-Time 2564.03 2451.61 4.16% 

Trailer-at-a-Time with 
Offloading 2868.49 2691.57 -5.05% 

Trailer-at-a-Time with 
Exact Offloading 2906.91 2705.37 -5.41% 

Nearest Neighbor within 
a Group 2599.27 2494.49 2.47% 

Nearest Neighbor within 
a Shared Group 2592.26 2505.04 2.06% 

Nearest Neighbor 2109.74 1963.98 23.32% 

 

Table A.9 shows the average time window for a given sequencing approach is slightly less for 

the dynamic layout.  This is also due to the reduced travel distance that results from placing 

trailers with high freight flow between them close together.  Table A.9 also shows the overall 
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improvement to time window that can be realized by using a dynamic layout and alternative 

sequencing approach. 

 

Table A.9.  Time Window Improvements 

Sequencing Approach Original 
Layout 

Dynamic 
Layout 

Overall % 
Improvements 

to Time 
Window 

Trailer-at-a-Time 629.47 581.20 6.85% 

Trailer-at-a-Time with 
Offloading 645.94 607.68 2.50% 

Trailer-at-a-Time with 
Exact Offloading 666.48 614.13 1.43% 

Nearest Neighbor 
within a Group 640.06 588.53 5.52% 

Nearest Neighbor 
within a Shared Group 637.82 599.20 3.66% 

Nearest Neighbor 616.81 574.28 7.91% 

 

As shown in Table A.8 and Table A.9, the nearest neighbor approach is the best approach for 

reducing total labor time and the time window. 

 

Table A.10 compares the performance of the various sequencing approaches with a dynamic 

layout to the performance of trailer-at-a-time with a dynamic layout.  The average total labor 

time and time window are averaged over the seven nights, while the average percent 

improvements are the averages of the percentage improvements realized on each of the seven 

nights. 
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Table A.10.  Performance of Sequencing Approaches with Full Simulation Model 

Average 
Total Labor 

Time 
(minutes) 

Average 
Percent 

Improvement
Sequencing Approach 

Average 
Time 

Window 
(minutes) 

Trailer-at-a-Time 2451.61 - 581.20 - 

Trailer-at-a-Time with Offloading 2691.57 -9.70% 607.68 -4.72% 

Trailer-at-a-Time with Exact 
Offloading 2705.37 -10.06% 614.13 -5.85% 

Nearest Neighbor within a Group 2494.49 -1.75% 588.53 -1.43% 

Nearest Neighbor within a Shared 
Group 2505.04 -2.20% 599.20 -3.32% 

Nearest Neighbor 1963.98 19.87% 574.28 1.15% 

Average 
Percent 

Improvement

 

Table A.10 shows that the nearest neighbor approach is the only approach to improve the total 

labor time requirement, which it reduces by almost 20%.  Nearest neighbor is also the only 

sequencing approach to reduce the time window when applied in a more realistic environment.   

 

Other measures that may be used to determine the performance of a solution approach are the 

number of shipments at the hub over a certain amount of time, the average time a shipment 

spends at the hub, or the maximum time a shipment spends at the hub.  Averitt Express uses a 

standard of 3 hours for each shipment to be at the hub operation.  Given this standard, the 

number of shipments at the hub over three hours is tracked to compare performance of the 

various sequencing approaches, along with the average amount of time at the hub, and the 

maximum amount of time at the hub.  Table A.11 summarizes the results from the alternative 

through-time measures. 
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Table A.11.  Measures of Shipment Through-time 

Sequencing Approach

Average 
Number of 

Shipments at 
Hub Over 3 

Hours 

Average 
Amount of 
Time Spent 

at Hub 
(minutes) 

Average 
Maximum 

Time Spent 
at Hub 

(minutes) 

Trailer-at-a-Time 80.15 180.48 455.58 

Trailer-at-a-Time with 
Offloading 92.69 205.71 477.33 

Trailer-at-a-Time with 
Exact Offloading 87.81 192.37 472.05 

Nearest Neighbor 
within a Group 79.01 180.00 467.59 

Nearest Neighbor 
within a Shared Group 82.70 184.10 467.62 

Nearest Neighbor 69.02 165.09 448.99 

 

 

Table A.11 shows that the nearest neighbor sequencing approach is the best approach for 

improving the number of shipments at the hub over 3 hours, the average time a shipment is at the 

hub, and the maximum time a shipment is at the hub.  Since nearest neighbor was also the best 

solution approach for reducing the time window, this indicates that reducing the time window 

may be a good approach for improving the other measures presented in Table A.11. 

 

 

A.6  General Conclusions from the Simulation Model 

Adding factors present in a real world environment does change the performance of the solution 

approaches presented in this thesis.  The dynamic layout still performs better than the original 

layout.  In a more realistic environment, the nearest neighbor approach is the best approach for 

reducing total labor time and the time window.  Using a dynamic layout and a nearest neighbor 

sequencing approach may produce improvements to total labor time of approximately 23% and 

improvements to the time window of approximately 7%.  Table A.12 summarizes the results of 

the simulation experiments.   
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Table A.12.  Summary of Simulation Results 

Measure Layout and Sequencing Approach Average Percent 
Improvement to Measure 

Total Time Dynamic Layout with Nearest 
Neighbor Sequencing 23.32% 

Bottleneck Time Dynamic Layout with Nearest 
Neighbor Sequencing 7.91% 

 

 

Based on the simulation model, nearest neighbor performed best for reducing the number of 

shipments at a hub longer than 3 hours, the average time shipments are at the hub, and the 

maximum time shipments are at the hub.  Although trailer-at-a-time with offloading did not 

perform well in the simulation model, it did show large improvements in the thesis approach.  

This indicates that the trailer-at-a-time approach may still be a good approach, if modified to 

account for more factors present in a realistic hub operation. 
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APPENDIX B 
 

COMPARISON OF METHODS FOR ESTIMATING DISTANCE TO 
NEXT ORIGIN TRAILER 
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The layout approaches presented in the thesis assume an employee starts at an origin trailer, 

travels to the correct destination trailer, returns to the origin trailer for each handling unit, and 

continues until the origin trailer is empty.  Therefore, the travel distance for trailer i at door m is 

estimated as: 

 

∑∑∑=
s j n

jnimmnsijim x)xd(b 2 DistanceTravel  

 

This expression assumes trailer-at-a-time unloading is used.  In addition, this expression assumes 

that for the last shipment on an origin trailer, the distance to travel from the correct destination 

trailer to a new origin trailer can be estimated by using the distance required to return to the same 

origin trailer that the employee was unloading.  In reality, the forklift driver will not return to the 

same origin trailer after the last shipment, but instead will travel to the next origin trailer in their 

assignment.  At this point in the solution approaches, however, the next origin trailer is 

unknown, and the distance back to the original origin trailer is used to estimate the distance to 

the next origin trailer.  This approximation approach is also used in the literature [34][35]. 

 

An alternative approach to estimate the travel distance to the next origin trailer would be to use 

the average distance from the destination of the last shipment to all other origin trailers.  Since 

the next origin trailer is unknown, this approach assumes there is an equal probability of going to 

all other origin trailers.  One full night was examined (March 25, 2003), using a semi-permanent 

layout, to determine the difference in using these two approaches to estimate the distance 

traveled to the next origin trailer.  Table B.1 contains detailed results of this analysis.  The range 

of differences between these two methods ranged from 3.94 feet to 88.71 feet.  On average, the 

two methods resulted in a difference of 42.54 feet for each trailer.  The average travel distance 

for a trailer on March 25, 2003 was 7177.47 feet.  Given an average difference of 42.54 feet, the 

average change in estimating a trailer’s distance is 0.59%.  With the maximum difference of 

88.71 feet, the alternative method would result in a different layout only if two trailers had very 

similar travel distances.  In this case, the exact layout would change, but the total travel distance 

results would not be substantially different, since two very similar trailers are being switched.  
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An area for future research is to further improve the approach used to estimate travel distance 

associated with each trailer. 

 

Table B.1.  Comparison of Methods for Estimating Distance to Next Origin Trailer 

Origin 
Trailer 

Origin 
Door 

ID Number 
of Last 

Shipment 

Destination 
Trailer of Last 

Shipment 

Destination 
Door of Last 

Shipment 

Distance 
Back to 
Origin 

Average 
Distance to 

Other 
Origins 

Absolute 
Difference 
Between 
Estimates

282882 42 13 58 63 192 119.7059 72.2941 
3606 53 26 73 46 115 85.9412 29.0588 

534980 56 49 73 46 75 85.9412 10.9412 
282989 61 59 58 63 31 119.7059 88.7059 
535648 52 80 73 46 53 85.9412 32.9412 
533874 48 73 71 50 31 90.4706 59.4706 
535068 49 106 58 63 97 119.7059 22.7059 
534202 65 107 99 37 174 87.4706 86.5294 

3117 57 117 58 63 53 119.7059 66.7059 
282806 59 133 72 51 64 95.8824 31.8824 
282464 64 129 7 40 152 91.6471 60.3529 
281421 43 138 52 41 31 84.7647 53.7647 
282189 38 159 71 50 86 90.4706 4.4706 
281254 44 156 71 50 53 90.4706 37.4706 
535419 39 188 73 46 82 85.9412 3.9412 
281260 45 202 59 47 31 87.4706 56.4706 
283122 34 204 115 37 93 87.4706 5.5294 

      Average 42.5433 
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APPENDIX C 

STATISTICAL ANALYSIS OF LAYOUT ALTERNATIVES
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Table C.1.  Statistical Comparison of Total Distance for Original and Semi-Permanent Layouts 
with Trailer-at-a-Time Unloading 

Variable X1 = Original, X2 = Semi-Permanent 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 

Table C.2.  Statistical Comparison of Total Distance for Semi-Permanent And Dynamic Layouts 
with Trailer-at-a-Time Unloading 

Variable X1 = Semi-Permanent, X2 = Dynamic 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table C.3.  Statistical Comparison of Total Distance for Original and Dynamic Layouts with 
Trailer-at-a-Time Unloading 

Variable X1 = Original, X2 = Dynamic 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 

 
 
 

Table C.4.  Statistical Comparison of Total Time for Original and Semi-Permanent Layouts with 
Trailer-at-a-Time Unloading 

Variable X1 = Original, X2 = Semi-Permanent 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table C.5.  Statistical Comparison of Total Time for Semi-Permanent and Dynamic Layouts 
with Trailer-at-a-Time Unloading 

Variable X1 = Semi-Permanent, X2 = Dynamic 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 

Table C.6.  Statistical Comparison of Total Time for Original and Dynamic Layouts with 
Trailer-at-a-Time Unloading 

Variable X1 = Original, X2 = Dynamic 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table C.7.  Statistical Comparison of Bottleneck Time for Original and Semi-Permanent 
Layouts with Trailer-at-a-Time Unloading 

Variable X1 = Original, X2 = Semi-Permanent 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 
 
 

Table C.8.  Statistical Comparison of Bottleneck Time for Semi-Permanent and Dynamic 
Layouts with Trailer-at-a-Time Unloading 

Variable X1 = Semi-Permanent, X2 = Dynamic 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
53 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.005859 Reject Ho 2.5992 0.009344 Reject Ho 2.5482 0.010827 Reject Ho 
X1-X2<0 0.998047 Accept Ho 2.5992 0.995328 Accept Ho 2.6502 0.995977 Accept Ho 
X1-X2>0 0.002930 Reject Ho 2.5992 0.004672 Reject Ho 2.5482 0.005413 Reject Ho 
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Table C.9.  Statistical Comparison of Bottleneck Time for Original and Dynamic Layouts with 
Trailer-at-a-Time Unloading  

Variable X1 = Original, X2 = Dynamic 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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APPENDIX D 
 
 

SEQUENCING RESULTS FOR 

ORIGINAL AND DYNAMIC LAYOUTS
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Table D.1.  Bottleneck Time of Sequencing Rules with Original Layout 

Sequence Average Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 459.9004 - - - 
(2) Trailer-at-a-Time with Offloading 280.4506 0% to 64.5% 29.2% (1)(3)(4) 

(3) Nearest Neighbor in Group 459.5047 0% to 0.7% 0.1% (1) 
(4) Nearest Neighbor in Shared Group 336.5116 -34.9% to 57.4% 11.8% - 

(5) Nearest Neighbor 293.1908 -5.3% to 61.6% 30.0% (1)(3)(4) 
*Improvements based on bottleneck time of trailer-at-a-time unloading with original layout 

 
Table D.2.  Bottleneck Time of Sequencing Rules with Dynamic Layout 

Sequence Average Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 384.0413 - - - 
(2) Trailer-at-a-Time with Offloading 237.527 0% to 61.5% 29.1% (1)(3)(4) 

(3) Nearest Neighbor in Group 383.4421 0% to 0.9% 0.2% (1) 
(4) Nearest Neighbor in Shared Group 265.4795 -24.9% to 55.9% 19.9% (1)(3) 

(5) Nearest Neighbor 247.2093 -20.6% to 60.5% 25.1% (1)(3)(4) 
*Improvements based on bottleneck time of trailer-at-a-time unloading with dynamic layout 

 

Table D.3.  Total Distance of Sequencing Rules with Original Layout 

 Sequence 
Average 

Total 
Distance 

Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 161539.7 - -  
(2) Trailer-at-a-Time with Offloading 161618.9 -0.46% to 0.08% -0.07%  

(3) Nearest Neighbor in Group 161362.6 0.00% to 0.65% 0.13% (1)(2) 
(4) Nearest Neighbor in Shared Group 159833.9 0.20% to 2.25% 1.00% (1)(2)(3) 

(5) Nearest Neighbor 159083.7 0.74% to 2.37% 1.57% (1)(2)(3)(4) 
*Improvements based on total distance of trailer-at-a-time unloading with original layout 

 

Table D.4.  Total Distance of Sequencing Rules with Dynamic Layout 

Sequence 
Average 

Total 
Distance 

Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 70382.1 - - (2) 
(2) Trailer-at-a-Time with Offloading 70490.7 -0.61% to 0.11% -0.18% - 

(3) Nearest Neighbor in Group 70113.9 0.00% to 1.56% 0.37% (1)(2) 
(4) Nearest Neighbor in Shared Group 69593.6 -0.34% to 3.73% 1.21% (1)(2)(3) 

(5) Nearest Neighbor 68333.9 1.19% to 5.11% 2.97% (1)(2)(3)(4) 
*Improvements based on total distance of trailer-at-a-time unloading with dynamic layout 
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Table D.5.  Total Time of Sequencing Rules with Original Layout 

 Sequence Average 
Total Time 

Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 1386.7 - - - 
(2) Trailer-at-a-Time with Offloading 1386.8 -0.12% to 0.02% -0.02% - 

(3) Nearest Neighbor in Group 1386.3 0.00% to 0.17% 0.03% (1)(2) 
(4) Nearest Neighbor in Shared Group 1382.9 0.05% to 0.66% 0.27% (1)(2)(3) 

(5) Nearest Neighbor 1381.2 0.18% to 0.67% 0.41% (1)(2)(3)(4) 
*Improvements based on total time of trailer-at-a-time unloading with original layout 

 

Table D.6.  Total Time of Sequencing Rules with Dynamic Layout 

 Sequence Average 
Total Time 

Range of 
Improvements 

Average % 
Improvement 

Statistically 
Better Than 

(1) Trailer-at-a-Time 1183.0 - - (2) 
(2) Trailer-at-a-Time with Offloading 1183.2 -0.09% to 0.02% -0.02% - 

(3) Nearest Neighbor in Group 1182.4 0.00% to 0.23% 0.05% (1)(2) 
(4) Nearest Neighbor in Shared Group 1181.1 -0.05% to 0.50% 0.16% (1)(2)(3) 

(5) Nearest Neighbor 1178.4 0.15% to 0.68% 0.40% (1)(2)(3)(4) 
*Improvements based on total time of trailer-at-a-time unloading with dynamic layout 
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APPENDIX E 

DETAILED SUMMARY OF CASE STUDY RESULTS 

 129



 

Table E.1.  Detailed Results for Experiment 32403 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 138.738 646.337 14252 0.495391 67700 11.219 
1 TAT with Offloading 114.417 646.632 12645 0.496373 67832 2.42212 
1 NN in Group 138.443 646.042 14252 0.494406 67568 11.219 
1 NN in Shared Group 187.182 645.476 20843 0.492505 67315 23.0709 
1 Nearest Neighbor 112.917 643.412 13171 0.485442 66391 1.96638 
2 Trailer at a Time 132.353 576.292 7447 0.491967 36348 13.2615 
2 TAT with Offloading 98.3464 576.79 7305 0.495064 36571 1.0328 
2 NN in Group 132.132 576.071 7348 0.490579 36249 13.2615 
2 NN in Shared Group 120.996 576.055 7397 0.490481 36242 12.7227 
2 Nearest Neighbor 103.235 573.207 6842 0.471902 34967 3.77712 
3 Trailer at a Time 143.065 612.17 11958 0.496689 52407 14.0095 
3 TAT with Offloading 105.103 612.603 9770 0.498546 52601 3.26599 
3 NN in Group 142.574 611.678 11958 0.494568 52187 14.0095 
3 NN in Shared Group 191.085 609.931 15378 0.486879 51405 30.1175 
3 Nearest Neighbor 109.5 608.613 9986 0.480921 50815 3.20416 

 

 

Table E.2.  Detailed Results for Experiment 32503 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 984.472 1849.75 114150 0.498495 218221 169.172 
1 TAT with Offloading 409.326 1849.43 46845 0.498166 218078 40.2691 
1 NN in Group 984.472 1849.75 114150 0.498495 218221 169.172 
1 NN in Shared Group 453.213 1841.39 50098 0.48974 214477 57.8965 
1 Nearest Neighbor 377.839 1839.82 43096 0.48806 213773 27.6116 
2 Trailer at a Time 814.647 1562.49 38136 0.497412 89644 169.172 
2 TAT with Offloading 348.223 1562.63 19495 0.497759 89706 40.279 
2 NN in Group 814.647 1562.49 38136 0.497412 89644 169.172 
2 NN in Shared Group 359.614 1563.03 22627 0.498743 89882 67.1863 
2 Nearest Neighbor 321.946 1560.12 19535 0.491381 88581 23.715 
3 Trailer at a Time 852.321 1634.82 54999 0.49798 122017 169.172 
3 TAT with Offloading 366.35 1635.22 27609 0.498715 122196 40.279 
3 NN in Group 852.321 1634.82 54999 0.49798 122017 169.172 
3 NN in Shared Group 402.36 1631.8 30310 0.492355 120665 73.0616 
3 Nearest Neighbor 337.16 1627.82 29874 0.484741 118882 24.552 
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Table E.3.  Detailed Results for Experiment 32603 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 535.828 1549.02 75931 0.4991 202282 63.5056 
1 TAT with Offloading 293.298 1548.66 42771 0.498691 202117 13.1517 
1 NN in Group 535.828 1549.02 75931 0.4991 202282 63.5056 
1 NN in Shared Group 443.554 1538.85 60854 0.487564 197728 48.0725 
1 Nearest Neighbor 480.677 1538.65 69603 0.487336 197640 49.0445 
2 Trailer at a Time 405.216 1252.35 17469 0.496777 69492 63.3795 
2 TAT with Offloading 221.786 1252.7 13385 0.497889 69646 9.51665 
2 NN in Group 405.216 1252.35 17469 0.496777 69492 63.3795 
2 NN in Shared Group 341.376 1251.31 17086 0.493379 69026 44.4901 
2 Nearest Neighbor 360.837 1249.75 17274 0.488181 68325 48.8607 
3 Trailer at a Time 420.569 1304.84 24341 0.499317 92987 63.3795 
3 TAT with Offloading 229.947 1305.38 18678 0.500617 93229 9.32559 
3 NN in Group 420.569 1304.84 24341 0.499317 92987 63.3795 
3 NN in Shared Group 368.113 1303.82 22476 0.496833 92528 59.5161 
3 Nearest Neighbor 373.364 1299.33 20914 0.48566 90518 50.8544 

 

 

Table E.4.  Detailed Results for Experiment 32703 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 370.395 1105.03 37287 0.49751 120906 52.0961 
1 TAT with Offloading 370.395 1105.03 37287 0.49751 120906 52.0961 
1 NN in Group 369.781 1104.41 37012 0.496365 120631 52.0961 
1 NN in Shared Group 372.079 1101.71 37385 0.491262 119421 56.1712 
1 Nearest Neighbor 227.825 1098.61 22644 0.485288 118035 19.3598 
2 Trailer at a Time 307.696 965.672 13812 0.500786 58530 47.8038 
2 TAT with Offloading 307.696 965.672 13812 0.500786 58530 47.8038 
2 NN in Group 307.327 965.303 13647 0.499375 58365 47.8038 
2 NN in Shared Group 237.105 963.185 13895 0.491109 57417 36.1497 
2 Nearest Neighbor 199.431 960.978 10620 0.482199 56429 19.0578 
3 Trailer at a Time 307.921 996.789 13913 0.497806 72458 47.8038 
3 TAT with Offloading 307.921 996.789 13913 0.497806 72458 47.8038 
3 NN in Group 307.774 996.641 13847 0.497348 72392 47.8038 
3 NN in Shared Group 249.385 997.09 19182 0.49874 72593 39.0026 
3 Nearest Neighbor 203.097 991.063 14778 0.479391 69895 15.2184 
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Table E.5.  Detailed Results for Experiment 32803 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 421.65 1733.63 54328 0.498003 227874 46.526 
1 TAT with Offloading 354.008 1733.85 47654 0.498221 227973 24.9052 
1 NN in Group 421.404 1733.39 54218 0.497761 227764 46.526 
1 NN in Shared Group 368.339 1729.86 49072 0.494259 226187 32.4879 
1 Nearest Neighbor 361.682 1728.32 49122 0.492705 225494 17.2472 
2 Trailer at a Time 339.348 1412.09 18801 0.501775 83952 40.8885 
2 TAT with Offloading 275.21 1412.38 18006 0.502539 84081 20.2846 
2 NN in Group 338.276 1411.02 18321 0.49891 83472 40.8885 
2 NN in Shared Group 281.986 1407.8 16884 0.49012 82033 26.2729 
2 Nearest Neighbor 259.981 1402.5 17237 0.474938 79661 9.5219 
3 Trailer at a Time 336.291 1487.14 25300 0.499992 117546 39.8179 
3 TAT with Offloading 303.505 1487.4 23927 0.500472 117659 26.3186 
3 NN in Group 335.726 1486.58 25047 0.498913 117293 39.8179 
3 NN in Shared Group 319.955 1480.94 26746 0.487889 114768 41.8027 
3 Nearest Neighbor 338.068 1476.82 24784 0.479531 112925 27.1195 

 

 

Table E.6.  Detailed Results for Experiment 33103 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 299.681 1218.56 30549 0.497754 138940 30.2633 
1 TAT with Offloading 208.823 1218.61 26095 0.497834 138962 1.0328 
1 NN in Group 297.666 1216.54 29647 0.494473 138038 30.2633 
1 NN in Shared Group 322.316 1217.06 39369 0.495317 138269 43.2188 
1 Nearest Neighbor 227.689 1212.88 26100 0.488398 136399 9.4798 
2 Trailer at a Time 277.617 1064.55 20673 0.49895 70005 30.2633 
2 TAT with Offloading 180.964 1064.37 13296 0.498391 69927 1.50555 
2 NN in Group 275.179 1062.11 19582 0.491018 68914 30.2633 
2 NN in Shared Group 199.647 1060.09 13310 0.484267 68012 11.1654 
2 Nearest Neighbor 186.691 1059.49 15378 0.48222 67743 3.32666 
3 Trailer at a Time 283.785 1122.22 23434 0.49642 95822 30.2633 
3 TAT with Offloading 190.205 1122.58 18171 0.497244 95979 4.63321 
3 NN in Group 281.174 1119.61 22265 0.490201 94653 30.2633 
3 NN in Shared Group 215.138 1119.45 21555 0.489808 94580 10.2111 
3 Nearest Neighbor 199.714 1116.5 17405 0.482586 93260 4.80278 
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Table E.7.  Detailed Results for Experiment 40103 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 1006.31 2134.54 111469 0.498836 230304 166.745 
1 TAT with Offloading 357.109 2135.63 42265 0.499887 230788 5.78504 
1 NN in Group 1006.31 2134.54 111469 0.498836 230304 166.745 
1 NN in Shared Group 428.353 2131.28 47829 0.495632 228841 35.5002 
1 Nearest Neighbor 404.412 2130.76 42023 0.495123 228610 15.3319 
2 Trailer at a Time 857.622 1858.26 44915 0.498682 106637 166.745 
2 TAT with Offloading 330.238 1858.62 19221 0.499457 106802 12.4204 
2 NN in Group 857.622 1858.26 44915 0.498682 106637 166.745 
2 NN in Shared Group 410.273 1856.68 21044 0.495356 105934 32.9282 
2 Nearest Neighbor 364.354 1852.57 24151 0.486421 104091 21.2572 
3 Trailer at a Time 925.312 1980.23 75213 0.498025 161233 167.761 
3 TAT with Offloading 342.235 1980.77 35600 0.498774 161474 13.9092 
3 NN in Group 925.312 1980.23 75213 0.498025 161233 167.761 
3 NN in Shared Group 405.299 1976.26 35208 0.492437 159458 23.3895 
3 Nearest Neighbor 392.612 1976.12 36401 0.492233 159394 21.851 

 

 

Table E.8.  Detailed Results for Experiment 40203 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 377.108 1612.11 33406 0.497956 174134 40.0321 
1 TAT with Offloading 357.371 1611.84 33406 0.497606 174013 35.6113 
1 NN in Group 376.321 1611.32 33406 0.496939 173782 40.0321 
1 NN in Shared Group 358.092 1611.34 38992 0.496971 173793 52.6628 
1 Nearest Neighbor 292.945 1609.18 32779 0.494153 172825 15.4197 
2 Trailer at a Time 338.732 1404.02 17214 0.500191 80993 38.7681 
2 TAT with Offloading 320.823 1404.26 16149 0.500869 81103 33.8669 
2 NN in Group 336.84 1402.12 16367 0.494909 80146 38.7681 
2 NN in Shared Group 318.116 1403.5 20443 0.498774 80764 56.0229 
2 Nearest Neighbor 299.736 1399.45 15843 0.487264 78951 23.6171 
3 Trailer at a Time 351.392 1461.73 23075 0.497777 106825 41.7919 
3 TAT with Offloading 333.411 1461.86 23075 0.498054 106884 36.8913 
3 NN in Group 349.743 1460.08 23075 0.494283 106087 41.7919 
3 NN in Shared Group 391.991 1458.2 28596 0.490232 105244 67.6592 
3 Nearest Neighbor 286.172 1454.2 23024 0.481422 103456 20.1138 
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Table E.9.  Detailed Results for Experiment 40303 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 254.93 1199.31 37399 0.498424 142126 14.6379 
1 TAT with Offloading 200.591 1199/43 28667 0.498618 142181 5.85377 
1 NN in Group 254.93 1199.31 37399 0.498424 142126 14.6379 
1 NN in Shared Group 243.331 1194.86 30896 0.491298 140135 18.272 
1 Nearest Neighbor 268.438 1193.75 34922 0.489494 139640 14.6788 
2 Trailer at a Time 193.472 1019.29 12453 0.499115 61551 14.5006 
2 TAT with Offloading 170.957 1019.91 12925 0.501367 61829 3.77712 
2 NN in Group 193.472 1019.29 12453 0.499115 61551 14.5006 
2 NN in Shared Group 241.581 1014.17 13722 0.479733 59258 25.2085 
2 Nearest Neighbor 232.198 1012.55 12548 0.47328 58532 20.1858 
3 Trailer at a Time 209.533 1071.57 17079 0.49731 84949 14.5006 
3 TAT with Offloading 180.064 1071.7 16607 0.497653 85007 3.6697 
3 NN in Group 209.533 1071.57 17079 0.49731 84949 14.5006 
3 NN in Shared Group 198.909 1068.89 15602 0.490107 83749 13.1707 
3 Nearest Neighbor 187.509 1064.27 16400 0.477204 81682 2.33809 

 

 

Table E.10.  Detailed Results for Experiment 40403 

Layout Type1 Sequence 
Bottle 
Time 

Total 
Time 

Bottle 
Dist 

% Empty 
Dist2 Total Dist 

Std 
Deviation3 

1 Trailer at a Time 209.892 818.375 27074 0.496287 92910 20.3936 
1 TAT with Offloading 139.168 819.333 19246 0.498602 93339 3.56371 
1 NN in Group 209.892 818.375 27074 0.496287 92910 20.3936 
1 NN in Shared Group 188.657 816.728 21170 0.492259 92173 22.3405 
1 Nearest Neighbor 177.484 816.408 23714 0.49147 92030 9.41807 
2 Trailer at a Time 173.71 715.066 10879 0.499389 46669 18.4472 
2 TAT with Offloading 121.027 715.162 9148 0.49985 46712 2.58844 
2 NN in Group 173.71 715.066 10879 0.499389 46669 18.4472 
2 NN in Shared Group 144.101 715.421 9145 0.501089 46828 15.566 
2 Nearest Neighbor 143.684 713.703 9359 0.492759 46059 7.94355 
3 Trailer at a Time 181.793 746.08 14497 0.497647 60551 18.4472 
3 TAT with Offloading 125.117 746.031 12657 0.497464 60529 2.88097 
3 NN in Group 181.793 746.08 14497 0.497647 60551 18.4472 
3 NN in Shared Group 177.832 742.517 14691 0.484056 58956 22.0613 
3 Nearest Neighbor 136.389 740.285 10937 0.475163 57957 5.0892 
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1 
Layout Type 1=>Original 
Layout Type 2=>Dynamic 
Layout Type 3=>Semi-Permanent 
 
2 
% Empty Distance is of Total Distance 
 
3 
Standard Deviation is of the HU per Employee 
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APPENDIX F 

STATISTICAL ANALYSIS OF SEQUENCING ALTERNATIVES 
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Table F.1.  Statistical Comparison of Distance for Trailer-at-a-Time and Trailer-at-a-Time with 
Offloading with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
20 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.492188 Accept Ho 0.7144 0.474959 Accept Ho 0.6634 0.507072 Accept Ho 
X1-X2<0 0.246094 Accept Ho -0.7144 0.237479 Accept Ho -0.6634 0.253536 Accept Ho 
X1-X2>0 0.784180 Accept Ho -0.7144 0.762521 Accept Ho -0.7655 0.778003 Accept Ho 
 
 
 
 

Table F.2.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor 
within a Group with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.3.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor 
within a Shared Group with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 
 
 
 

Table F.4.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor with 
an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.804336 0 1 6 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0   2.8049 0.005034 Reject Ho 2.7539 0.005889 Reject Ho 
X1-X2<0   2.8049 0.997483 Accept Ho 2.8559 0.997854 Accept Ho 
X1-X2>0   2.8049 0.002517 Reject Ho 2.7539 0.002945 Reject Ho 
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Table F.5.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Group with an Original Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
50 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.019531 Reject Ho 2.2934 0.021824 Reject Ho 2.2424 0.024932 Reject Ho 
X1-X2<0 0.993164 Accept Ho 2.2934 0.989088 Accept Ho 2.3444 0.990471 Accept Ho 
X1-X2>0 0.009766 Reject Ho 2.2934 0.010912 Reject Ho 2.2424 0.012466 Reject Ho 
 

 
 
 
 

Table F.6.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Shared Group with an Original Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.7.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor with an Original Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 

Table F.8.  Statistical Comparison of Distance for Nearest Neighbor within a Group and Nearest 
Neighbor within a Shared Group with an Original Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
52 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.009766 Reject Ho 2.4973 0.012515 Reject Ho 2.4463 0.014433 Reject Ho 
X1-X2<0 0.997070 Accept Ho 2.4973 0.993742 Accept Ho 2.5482 0.994587 Accept Ho 
X1-X2>0 0.004883 Reject Ho 2.4973 0.006258 Reject Ho 2.4463 0.007216 Reject Ho 
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Table F.9.  Statistical Comparison of Distance for Nearest Neighbor within a Group and Nearest 
Neighbor with an Original Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 

Table F.10.  Statistical Comparison of Distance for Nearest Neighbor within a Shared Group and 
Nearest Neighbor with an Original Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.11.  Statistical Comparison of Total Time for Trailer-at-a-Time and Trailer-at-a-Time 
with Offloading with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
20 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.492188 Accept Ho 0.7144 0.474959 Accept Ho 0.6634 0.507072 Accept Ho 
X1-X2<0 0.246094 Accept Ho -0.7144 0.237479 Accept Ho -0.6634 0.253536 Accept Ho 
X1-X2>0 0.784180 Accept Ho -0.7144 0.762521 Accept Ho -0.7655 0.778003 Accept Ho 
 

 
 
 
 
 

Table F.12.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
within a Group with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.13.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
within a Shared Group with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.14.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 

 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 

  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 

X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

Wilcoxon Signed-Rank Test for Difference in Medians 

 

X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
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Table F.15.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Group with an Original Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
50 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.019531 Reject Ho 2.2934 0.021824 Reject Ho 2.2424 0.024932 Reject Ho 
X1-X2<0 0.993164 Accept Ho 2.2934 0.989088 Accept Ho 2.3444 0.990471 Accept Ho 
X1-X2>0 0.009766 Reject Ho 2.2934 0.010912 Reject Ho 2.2424 0.012466 Reject Ho 
 

 
 
 
 
 

Table F.16.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Shared Group with an Original Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.17.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor with an Original Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 
 

Table F.18.  Statistical Comparison of Total Time for Nearest Neighbor within a Group and 
Nearest Neighbor within a Shared Group with an Original Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
52 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.009766 Reject Ho 2.4973 0.012515 Reject Ho 2.4463 0.014433 Reject Ho 
X1-X2<0 0.997070 Accept Ho 2.4973 0.993742 Accept Ho 2.5482 0.994587 Accept Ho 
X1-X2>0 0.004883 Reject Ho 2.4973 0.006258 Reject Ho 2.4463 0.007216 Reject Ho 
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Table F.19.  Statistical Comparison of Total Time for Nearest Neighbor within a Group and 
Nearest Neighbor with an Original Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.20.  Statistical Comparison of Total Time for Nearest Neighbor within a Shared Group 
and Nearest Neighbor with an Original Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.21.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Trailer-at-a-
Time with Offloading with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 

 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7557 0.005857 Reject Ho 2.7046 0.006838 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7557 0.997071 Accept Ho 2.8067 0.997497 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7557 0.002929 Reject Ho 2.7046 0.003419 Reject Ho 
 

 
 
 
 
 

Table F.22.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor within a Group with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.23.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor within a Shared Group with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
43 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.130859 Accept Ho 1.5799 0.114128 Accept Ho 1.5289 0.126279 Accept Ho 
X1-X2<0 0.947266 Accept Ho 1.5799 0.942936 Accept Ho 1.6309 0.948541 Accept Ho 
X1-X2>0 0.065430 Accept Ho 1.5799 0.057064 Accept Ho 1.5289 0.063139 Accept Ho 
 

 
 
 
 
 

Table F.24.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor with an Original Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
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Table F.25.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor within a Group with an Original Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
1 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.001953 Reject Ho -2.7011 0.003455 Reject Ho -2.6502 0.004023 Reject Ho 
X1-X2>0 0.999023 Accept Ho -2.7011 0.996545 Accept Ho -2.7521 0.997039 Accept Ho 
 

 
 
 
 
 

Table F.26.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor within a Shared Group with an Original Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
0 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0   2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0 0.000977 Reject Ho -2.8031 0.002531 Reject Ho -2.7521 0.002961 Reject Ho 
X1-X2>0   -2.8031 0.997469 Accept Ho -2.8540 0.997842 Accept Ho 
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Table F.27.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor with an Original Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
21 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.556641 Accept Ho 0.6625 0.507624 Accept Ho 0.6116 0.540818 Accept Ho 
X1-X2<0 0.278320 Accept Ho -0.6625 0.253812 Accept Ho -0.6116 0.270409 Accept Ho 
X1-X2>0 0.753906 Accept Ho -0.6625 0.746188 Accept Ho -0.7135 0.762234 Accept Ho 
 

 
 
 
 
 

Table F.28.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Group 
and Nearest Neighbor within a Shared Group with an Original Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
43 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.130859 Accept Ho 1.5799 0.114128 Accept Ho 1.5289 0.126279 Accept Ho 
X1-X2<0 0.947266 Accept Ho 1.5799 0.942936 Accept Ho 1.6309 0.948541 Accept Ho 
X1-X2>0 0.065430 Accept Ho 1.5799 0.057064 Accept Ho 1.5289 0.063139 Accept Ho 
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Table F.29.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Group 
and Nearest Neighbor with an Original Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 
 
 
 
 
 

Table F.30.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Shared 
Group and Nearest Neighbor with an Original Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
46 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.064453 Accept Ho 1.8857 0.059336 Accept Ho 1.8347 0.066546 Accept Ho 
X1-X2<0 0.975586 Accept Ho 1.8857 0.970332 Accept Ho 1.9367 0.973606 Accept Ho 
X1-X2>0 0.032227 Reject Ho 1.8857 0.029668 Reject Ho 1.8347 0.033273 Reject Ho 
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Table F.31.  Statistical Comparison of Distance for Trailer-at-a-Time and Trailer-at-a-Time with 
Offloading with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
2 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.005859 Reject Ho 2.5516 0.010724 Reject Ho 2.5005 0.012401 Reject Ho 
X1-X2<0 0.002930 Reject Ho -2.5516 0.005362 Reject Ho -2.5005 0.006201 Reject Ho 
X1-X2>0 0.998047 Accept Ho -2.5516 0.994638 Accept Ho -2.6026 0.995374 Accept Ho 
 

 
 
 
 
 

Table F.32.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor 
within a Group with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.33.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor 
within a Shared Group with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 
 
 
 

Table F.34.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor with 
a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.35.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Group with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 
 
 
 

Table F.36.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
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Table F.37.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 

Table F.38.  Statistical Comparison of Distance for Nearest Neighbor within a Group and 
Nearest Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
53 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.005859 Reject Ho 2.5992 0.009344 Reject Ho 2.5482 0.010827 Reject Ho 
X1-X2<0 0.998047 Accept Ho 2.5992 0.995328 Accept Ho 2.6502 0.995977 Accept Ho 
X1-X2>0 0.002930 Reject Ho 2.5992 0.004672 Reject Ho 2.5482 0.005413 Reject Ho 
 

 155



Table F.39.  Statistical Comparison of Distance for Nearest Neighbor within a Group and 
Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 

Table F.40.  Statistical Comparison of Distance for Nearest Neighbor within a Shared Group and 
Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.41.  Statistical Comparison of Total Time for Trailer-at-a-Time and Trailer-at-a-Time 
with Offloading with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
2 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.005859 Reject Ho 2.5516 0.010724 Reject Ho 2.5005 0.012401 Reject Ho 
X1-X2<0 0.002930 Reject Ho -2.5516 0.005362 Reject Ho -2.5005 0.006201 Reject Ho 
X1-X2>0 0.998047 Accept Ho -2.5516 0.994638 Accept Ho -2.6026 0.995374 Accept Ho 
 

 
 
 
 
 
 

Table F.42.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
within a Group with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
 

 157



Table F.43.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
within a Shared Group with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 

Table F.44.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
with a Semi-Permanent Layout 

 
 
 
 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.45.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Group with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 
 
 
 
 

Table F.46.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
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Table F.47.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.48.  Statistical Comparison of Total Time for Nearest Neighbor within a Group and 
Nearest Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
53 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.005859 Reject Ho 2.5992 0.009344 Reject Ho 2.5482 0.010827 Reject Ho 
X1-X2<0 0.998047 Accept Ho 2.5992 0.995328 Accept Ho 2.6502 0.995977 Accept Ho 
X1-X2>0 0.002930 Reject Ho 2.5992 0.004672 Reject Ho 2.5482 0.005413 Reject Ho 
 

 160



Table F.49.  Statistical Comparison of Total Time for Nearest Neighbor within a Group and 
Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 
 

Table F.50.  Statistical Comparison of Total Time for Nearest Neighbor within a Shared Group 
and Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.51.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Trailer-at-a-
Time with Offloading with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7557 0.005857 Reject Ho 2.7046 0.006838 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7557 0.997071 Accept Ho 2.8067 0.997497 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7557 0.002929 Reject Ho 2.7046 0.003419 Reject Ho 
 

 
 
 
 
 

Table F.52.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor within a Group with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.53.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
46 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.064453 Accept Ho 1.8857 0.059336 Accept Ho 1.8347 0.066546 Accept Ho 
X1-X2<0 0.975586 Accept Ho 1.8857 0.970332 Accept Ho 1.9367 0.973606 Accept Ho 
X1-X2>0 0.032227 Reject Ho 1.8857 0.029668 Reject Ho 1.8347 0.033273 Reject Ho 
 

 
 
 
 
 

Table F.54.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor with a Semi-Permanent Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
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Table F.55.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor within a Group with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
1 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.001953 Reject Ho -2.7011 0.003455 Reject Ho -2.6502 0.004023 Reject Ho 
X1-X2>0 0.999023 Accept Ho -2.7011 0.996545 Accept Ho -2.7521 0.997039 Accept Ho 
 

 
 
 
 
 

Table F.56.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
6 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.027344 Reject Ho 2.1915 0.028417 Reject Ho 2.1405 0.032313 Reject Ho 
X1-X2<0 0.013672 Reject Ho -2.1915 0.014208 Reject Ho -2.1405 0.016156 Reject Ho 
X1-X2>0 0.990234 Accept Ho -2.1915 0.985792 Accept Ho -2.2424 0.987534 Accept Ho 
 

 164



Table F.57.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
21 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.556641 Accept Ho 0.6625 0.507624 Accept Ho 0.6116 0.540818 Accept Ho 
X1-X2<0 0.278320 Accept Ho -0.6625 0.253812 Accept Ho -0.6116 0.270409 Accept Ho 
X1-X2>0 0.753906 Accept Ho -0.6625 0.746188 Accept Ho -0.7135 0.762234 Accept Ho 
 

 
 
 
 
 

Table F.58.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Group 
and Nearest Neighbor within a Shared Group with a Semi-Permanent Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
46 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.064453 Accept Ho 1.8857 0.059336 Accept Ho 1.8347 0.066546 Accept Ho 
X1-X2<0 0.975586 Accept Ho 1.8857 0.970332 Accept Ho 1.9367 0.973606 Accept Ho 
X1-X2>0 0.032227 Reject Ho 1.8857 0.029668 Reject Ho 1.8347 0.033273 Reject Ho 
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Table F.59.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Group 
and Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7011 0.996545 Accept Ho 2.7521 0.997039 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7011 0.003455 Reject Ho 2.6502 0.004023 Reject Ho 
 

 
 
 
 
 

Table F.60.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Shared 
Group and Nearest Neighbor with a Semi-Permanent Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
49 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.027344 Reject Ho 2.1915 0.028417 Reject Ho 2.1405 0.032313 Reject Ho 
X1-X2<0 0.990234 Accept Ho 2.1915 0.985792 Accept Ho 2.2424 0.987534 Accept Ho 
X1-X2>0 0.013672 Reject Ho 2.1915 0.014208 Reject Ho 2.1405 0.016156 Reject Ho 
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Table F.61.  Statistical Comparison of Distance for Trailer-at-a-Time and Trailer-at-a-Time with 
Offloading with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
4 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.013672 Reject Ho 2.3474 0.018904 Reject Ho 2.2964 0.021653 Reject Ho 
X1-X2<0 0.006836 Reject Ho -2.3474 0.009452 Reject Ho -2.2964 0.010827 Reject Ho 
X1-X2>0 0.995117 Accept Ho -2.3474 0.990548 Accept Ho -2.3985 0.991768 Accept Ho 
 

 
 
 
 
 

Table F.62.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor 
within a Group with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
 

 167



Table F.63.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor 
within a Shared Group with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
49 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.027344 Reject Ho 2.1915 0.028417 Reject Ho 2.1405 0.032313 Reject Ho 
X1-X2<0 0.990234 Accept Ho 2.1915 0.985792 Accept Ho 2.2424 0.987534 Accept Ho 
X1-X2>0 0.013672 Reject Ho 2.1915 0.014208 Reject Ho 2.1405 0.016156 Reject Ho 
 

 
 
 
 
 

Table F.64.  Statistical Comparison of Distance for Trailer-at-a-Time and Nearest Neighbor with 
a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.65.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Group with a Dynamic Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.804336 0 1 6 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0   2.8049 0.005034 Reject Ho 2.7539 0.005889 Reject Ho 
X1-X2<0   2.8049 0.997483 Accept Ho 2.8559 0.997854 Accept Ho 
X1-X2>0   2.8049 0.002517 Reject Ho 2.7539 0.002945 Reject Ho 
 

 
 
 
 
 

Table F.66.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Shared Group with a Dynamic Layout  

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
52 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.009766 Reject Ho 2.4973 0.012515 Reject Ho 2.4463 0.014433 Reject Ho 
X1-X2<0 0.997070 Accept Ho 2.4973 0.993742 Accept Ho 2.5482 0.994587 Accept Ho 
X1-X2>0 0.004883 Reject Ho 2.4973 0.006258 Reject Ho 2.4463 0.007216 Reject Ho 
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Table F.67.  Statistical Comparison of Distance for Trailer-at-a-Time with Offloading and 
Nearest Neighbor with a Dynamic Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.68.  Statistical Comparison of Distance for Nearest Neighbor within a Group and 
Nearest Neighbor within a Shared Group with a Dynamic Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
45 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.083984 Accept Ho 1.7838 0.074462 Accept Ho 1.7328 0.083131 Accept Ho 
X1-X2<0 0.967773 Accept Ho 1.7838 0.962769 Accept Ho 1.8347 0.966727 Accept Ho 
X1-X2>0 0.041992 Reject Ho 1.7838 0.037231 Reject Ho 1.7328 0.041566 Reject Ho 
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Table F.69.  Statistical Comparison of Distance for Nearest Neighbor within a Group and 
Nearest Neighbor with a Dynamic Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.70.  Statistical Comparison of Distance for Nearest Neighbor within a Shared Group 
Nearest Neighbor with a Dynamic Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.71.  Statistical Comparison of Total Time for Trailer-at-a-Time and Trailer-at-a-Time 
with Offloading with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
4 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.013672 Reject Ho 2.3474 0.018904 Reject Ho 2.2964 0.021653 Reject Ho 
X1-X2<0 0.006836 Reject Ho -2.3474 0.009452 Reject Ho -2.2964 0.010827 Reject Ho 
X1-X2>0 0.995117 Accept Ho -2.3474 0.990548 Accept Ho -2.3985 0.991768 Accept Ho 
 

 
 
 
 
 

Table F.72.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
within a Group with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.73.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
within a Shared Group with a Dynamic Layout  

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
49 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.027344 Reject Ho 2.1915 0.028417 Reject Ho 2.1405 0.032313 Reject Ho 
X1-X2<0 0.990234 Accept Ho 2.1915 0.985792 Accept Ho 2.2424 0.987534 Accept Ho 
X1-X2>0 0.013672 Reject Ho 2.1915 0.014208 Reject Ho 2.1405 0.016156 Reject Ho 
 

 
 
 
 
 

Table F.74.  Statistical Comparison of Total Time for Trailer-at-a-Time and Nearest Neighbor 
with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.75.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Group with a Dynamic Layout  

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.76.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor within a Shared Group with a Dynamic Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
52 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.009766 Reject Ho 2.4973 0.012515 Reject Ho 2.4463 0.014433 Reject Ho 
X1-X2<0 0.997070 Accept Ho 2.4973 0.993742 Accept Ho 2.5482 0.994587 Accept Ho 
X1-X2>0 0.004883 Reject Ho 2.4973 0.006258 Reject Ho 2.4463 0.007216 Reject Ho 
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Table F.77.  Statistical Comparison of Total Time for Trailer-at-a-Time with Offloading and 
Nearest Neighbor with a Dynamic Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.78.  Statistical Comparison of Total Time for Nearest Neighbor within a Group and 
Nearest Neighbor within a Shared Group with a Dynamic Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
45 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.083984 Accept Ho 1.7838 0.074462 Accept Ho 1.7328 0.083131 Accept Ho 
X1-X2<0 0.967773 Accept Ho 1.7838 0.962769 Accept Ho 1.8347 0.966727 Accept Ho 
X1-X2>0 0.041992 Reject Ho 1.7838 0.037231 Reject Ho 1.7328 0.041566 Reject Ho 
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Table F.79.  Statistical Comparison of Total Time for Nearest Neighbor within a Group and 
Nearest Neighbor with a Dynamic Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
 

 
 
 
 
 

Table F.80.  Statistical Comparison of Total Time for Nearest Neighbor within a Shared Group 
and Nearest Neighbor with a Dynamic Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
55 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 

 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.001953 Reject Ho 2.8031 0.005062 Reject Ho 2.7521 0.005922 Reject Ho 
X1-X2<0   2.8031 0.997469 Accept Ho 2.8540 0.997842 Accept Ho 
X1-X2>0 0.000977 Reject Ho 2.8031 0.002531 Reject Ho 2.7521 0.002961 Reject Ho 
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Table F.81.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Trailer-at-a-
Time with Offloading with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = Offloading 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
54 27 9.797959 1 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7557 0.005857 Reject Ho 2.7046 0.006838 Reject Ho 
X1-X2<0 0.999023 Accept Ho 2.7557 0.997071 Accept Ho 2.8067 0.997497 Accept Ho 
X1-X2>0 0.001953 Reject Ho 2.7557 0.002929 Reject Ho 2.7046 0.003419 Reject Ho 
 

 
 
 
 
 
 

Table F.82.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor within a Group with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
40 20 9.082951 5 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.232422 Accept Ho 2.2019 0.027670 Reject Ho 2.1469 0.031803 Reject Ho 
X1-X2<0 0.903320 Accept Ho 2.2019 0.986165 Accept Ho 2.2570 0.987995 Accept Ho 
X1-X2>0 0.116211 Accept Ho 2.2019 0.013835 Reject Ho 2.1469 0.015901 Reject Ho 
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Table F.83.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor within a Shared Group with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
51 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.013672 Reject Ho 2.3953 0.016605 Reject Ho 2.3444 0.019059 Reject Ho 
X1-X2<0 0.995117 Accept Ho 2.3953 0.991698 Accept Ho 2.4463 0.992784 Accept Ho 
X1-X2>0 0.006836 Reject Ho 2.3953 0.008302 Reject Ho 2.3444 0.009529 Reject Ho 
 

 
 
 
 
 
 

Table F.84.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time and Nearest 
Neighbor with a Dynamic Layout 

Variable X1 = Trailer-at-a-Time, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
52 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.009766 Reject Ho 2.4973 0.012515 Reject Ho 2.4463 0.014433 Reject Ho 
X1-X2<0 0.997070 Accept Ho 2.4973 0.993742 Accept Ho 2.5482 0.994587 Accept Ho 
X1-X2>0 0.004883 Reject Ho 2.4973 0.006258 Reject Ho 2.4463 0.007216 Reject Ho 
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Table F.85.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor within a Group with a Dynamic Layout 

Variable X1 = Offloading, X2 = NN in Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
1 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.003906 Reject Ho 2.7011 0.006910 Reject Ho 2.6502 0.008045 Reject Ho 
X1-X2<0 0.001953 Reject Ho -2.7011 0.003455 Reject Ho -2.6502 0.004023 Reject Ho 
X1-X2>0 0.999023 Accept Ho -2.7011 0.996545 Accept Ho -2.7521 0.997039 Accept Ho 
 

 
 
 
 
 

Table F.86.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor within a Shared Group with a Dynamic Layout 

Variable X1 = Offloading, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
8 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.048828 Reject Ho 1.9876 0.046853 Reject Ho 1.9367 0.052787 Accept Ho 
X1-X2<0 0.024414 Reject Ho -1.9876 0.023427 Reject Ho -1.9367 0.026394 Reject Ho 
X1-X2>0 0.981445 Accept Ho -1.9876 0.976573 Accept Ho -2.0386 0.979254 Accept Ho 
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Table F.87.  Statistical Comparison of Bottleneck Time for Trailer-at-a-Time with Offloading 
and Nearest Neighbor with a Dynamic Layout 

Variable X1 = Offloading, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
22 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.625000 Accept Ho 0.5606 0.575062 Accept Ho 0.5096 0.610299 Accept Ho 
X1-X2<0 0.312500 Accept Ho -0.5606 0.287531 Accept Ho -0.5096 0.305149 Accept Ho 
X1-X2>0 0.721680 Accept Ho -0.5606 0.712469 Accept Ho -0.6116 0.729591 Accept Ho 
 

 
 
 
 
 

Table F.88.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Group 
And Nearest Neighbor within a Shared Group with a Dynamic Layout 

Variable X1 = NN in Group, X2 = NN in Shared Group 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
51 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.013672 Reject Ho 2.3953 0.016605 Reject Ho 2.3444 0.019059 Reject Ho 
X1-X2<0 0.995117 Accept Ho 2.3953 0.991698 Accept Ho 2.4463 0.992784 Accept Ho 
X1-X2>0 0.006836 Reject Ho 2.3953 0.008302 Reject Ho 2.3444 0.009529 Reject Ho 
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Table F.89.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Group 
and Nearest Neighbor with a Dynamic Layout 

Variable X1 = NN in Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
51 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.013672 Reject Ho 2.3953 0.016605 Reject Ho 2.3444 0.019059 Reject Ho 
X1-X2<0 0.995117 Accept Ho 2.3953 0.991698 Accept Ho 2.4463 0.992784 Accept Ho 
X1-X2>0 0.006836 Reject Ho 2.3953 0.008302 Reject Ho 2.3444 0.009529 Reject Ho 
 

 
 
 
 
 
 

Table F.90.  Statistical Comparison of Bottleneck Time for Nearest Neighbor within a Shared 
Group and Nearest Neighbor with a Dynamic Layout 

Variable X1 = NN in Shared Group, X2 = Nearest Neighbor 
 
Wilcoxon Signed-Rank Test for Difference in Medians 
 
W Mean Std Dev Number Number Sets Multiplicity 
Sum Ranks of W of W of Zeros of Ties Factor 
49 27.5 9.810708 0 0 0 
 
  Approximation Without Approximation With 
 Exact Probability Continuity Correction Continuity Correction 
Alternative Prob Decision  Prob Decision  Prob Decision 
Hypothesis Level (5%) Z-Value Level (5%) Z-Value Level (5%) 
X1-X2<>0 0.027344 Reject Ho 2.1915 0.028417 Reject Ho 2.1405 0.032313 Reject Ho 
X1-X2<0 0.990234 Accept Ho 2.1915 0.985792 Accept Ho 2.2424 0.987534 Accept Ho 
X1-X2>0 0.013672 Reject Ho 2.1915 0.014208 Reject Ho 2.1405 0.016156 Reject Ho 
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