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Abstract
We present a new tactical planning model for next day air package delivery distribution that considers the hub sorting operation. The proposed system, where some packages are sorted twice at two distinct hubs before arriving at their destinations, is investigated for its potential savings in overall system cost, including aircraft operating cost and hub sorting cost. A column generation approach is implemented to determine the LP relaxation which is then embedded in a branch and bound approach to generate an integer solution. Computational results are provided, and the system cost savings of the proposed operation are discussed.
Keywords: network design, hub sorting, column generation
1 Introduction

The package delivery industry has grown by providing reliable services. With billions of dollars in revenue at stake, most carriers try to offer a wide range of delivery services, such as same day service, next day service, deferred service, and ground service, to increase their market shares. While expecting competitors to strive for the same objective, new strategic operations should play an important role in future competitive advantage. In 2003, UPS announced plans for significant improvements in its package sorting and delivery system. It expected to invest $600 million over the next several years to simplify and optimize package sorting and delivery. Upon completion in 2007, the company expects to save $600 million annually, through productivity improvements and by driving approximately 100 million fewer miles per year (Standard & Poor’s Stock Report: UPS, 2006).

In this study, network design for next day air express package delivery is considered in conjunction with hub sorting operations. With a limited time window as a critical factor in the next day service, this study investigates how shipments can be effectively consolidated into fewer aircraft routes in the scenario where some packages are sorted twice at two distinct hubs before arriving at their destinations. A two-stage sorting model is developed and its potential cost savings are investigated and compared to the currently operated single-stage sorting model. The value of such studies is enhanced by also considering the efficient integration of hub sorting operations into air service network design. Our model’s objective is minimizing the total system cost, which includes the aircraft operating cost and the hub sorting cost. 
2 Problem Definition

Next day delivery is one of several shipment services provided by the dominant package delivery companies. With a service commitment in which packages must be picked up and delivered within a limited time window in which a carrier has enough time to provide such service, associated times to each service center, e.g. a spoke airport, are defined, i.e., earliest pickup time (EPT) and latest delivery time (LDT). EPT denotes the earliest time when an aircraft can depart from the origin service center, while LDT specifies the latest time at which packages can be delivered to the destination service center. In Figure 1, after arriving from a ground center via trucks or small aircraft, packages are loaded onto an aircraft at an airport service center, which serves as entry and exit point of packages to the air network. Then aircraft can fly either directly to a hub sorting facility, or via a single intermediate service center. After packages arrive at the hub, they are sorted and loaded onto departing flights for the delivery service. During the sorting operation, all planes remain at the hub and wait until “all” packages are loaded before departing. At each hub, the sort end time (SET) represents the latest time at which planes can arrive from pickup routes, and also denotes the earliest time when planes may depart on delivery routes. Figure 2 demonstrates the existing or single-stage sorting operation and its corresponding network configuration.
Early studies of the air express network design problem, including Barnhart and Schneur (1996), Kim and Barnhart (1999), Kim et al. (1999), Armacost (2002), Barnhart et al. (2002), focus specifically on single-stage operations. Hall (1989) investigates multiple routing strategies in a two-hub network. With a limited sorting capacity and time, two-hub routing from the far west to the far east of the United States becomes infeasible. However, this does not preclude the movement of packages from east to west.
In this study, we examine the potential savings of the two-stage sorting operation, as depicted in Figure 3. Hub characteristics are considered as the designed elements in the study. In the proposed operation, aircraft are allowed to depart earlier than the SET so that they can meet the second hub’s requirement (SET).

A preliminary analysis can demonstrate the major cost savings of the proposed operation. Let 
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 on the delivery side. In the worst-case scenario where only single leg flights are allowed due to limited time span between any service center’s EPT and hub’s SET, we can determine the number of flight legs and the number of aircraft required for both systems, as shown in Table 1.
The results in Table 1 indicate the potential savings in the number of aircraft and flight legs required with the two-stage sorting operation. However, with a limited time span, the drawbacks of this proposed model are the increase in hub sorting time and/or sorting rate, given that the level-of-service at each service center remains unchanged (fixed EPT and LDT.) To make the proposed operation feasible at the first sorting process, the hub sort start time (SST) must be set earlier so that, when sorted packages are available, an aircraft can depart and meet the sort end time for the second sorting process. Similarly, the hub sort end time (SET) should be extended so that all interhub flights can arrive on time and their packages can be sorted. Even if hub sorting hours are extended, a two-stage sorting operation might be impossible if the sorting rate at each hub is low. Consequently, the sorting rate may have to increase to speed up the whole operation. In addition, the size of sorting facility may have to increase so that all unloaded packages can be held.

To reflect the expected higher hub sorting rate and storage size for the two-stage sorting operation, we model the hub sorting model as a FIFO inventory model, which follows the concepts of general inventory model (GIP) in supply chain management. The hub sorting rate (
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3 Network Representations

Time and space are essential elements for many transportation-related scheduling problems. These problems are modeled by having a time-space structure, with nodes representing time and space, and arcs representing movement in time and possibly space. In our models, each node in the time-space network corresponds to the origin or destination of an aircraft and a package movement at some point in time, and each arc represents the movement at a particular time of an aircraft or a package. Furthermore, to properly integrate the hub sorting model with the conventional time-space network, the way packages are sorted over time at a hub should also be modeled in the same time-space structure. 

3.1 Hub Sorting Network (HSN)

To model the HSN having the FIFO sorting process, the conventional time-space network is applied so that its nodes correspond to sorting sequence, while arcs represent the movement of packages over the hub sorting sequence. Figure 6 represents the HSN that can perform the FIFO sorting process as described in section 2. Within the HSN of hub 
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3.2 Aircraft Route Network (ARN)

We follow Kim et al. (1999) in constructing the ARN having a time-space structure. Our ARN is slightly modified to have multiple end nodes (start nodes) on the pickup routes (delivery routes) in order to map with the HSN. For each aircraft type 
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For delivery routes, arcs will be connected for route 
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For interhub routes, arcs are linked when a route departing from origin hub, 
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Figures 7 and 8 demonstrate examples of network representation for the pickup route and interhub route, respectively.
3.3 Package movement network (PMN)

The PMN can be generated in the single-stage model differently from the two-stage sorting model. Both are constructed by merging the HSN with ARN for each aircraft type. Let 
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PMN in single-stage sorting model:
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PMN in two-stage sorting model:
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4 Model Formulation

The objective is to minimize the total system costs, which are the aircraft operating cost and hub sorting cost. Based on the problem’s characteristics, it is modeled as a mixed integer multicommodity flow model, where an origin-destination market pair defines each commodity. The multicommodity flow problem has been studied extensively by Assad (1978), Kennington (1978), and Ahuja et al. (1993).

4.1 Operational Constraints

To serve all demands within a short time window for next day delivery, all the decision variables must comply with several operational requirements, including feasible movement of packages and aircraft, fleet balance, fleet size, hub sorting capacity, hub storage capacity and FIFO sorting process at each hub. These are detailed below.
4.1.1 Fleet Balance at Service Center

For each fleet 
[image: image67.wmf]F

f

Î

, these constraints force the number of aircraft routes into and out of a service center to be equal:

[image: image68.wmf]0

=

å

Î

f

R

r

f

r

r

i

y

b








[image: image69.wmf]F

f

S

i

Î

"

Î

"

,


 (6.1)
where 
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= The number of flights of fleet type
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4.1.2 Fleet Balance at Hub

To balance each fleet type 
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 at a hub where the sequences of arrival and departure flights are critical, the concept from section 4.1.1 is modified to be compatible with HSN instead of treating a hub as a single node. For each fleet type 
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For two-stage sorting, since each interhub flight departs from one hub and arrives at another, it can be treated as the delivery and pickup routes; this results in:
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4.1.3 Fleet Size

For any aircraft type, the number of aircraft used should not exceed that type’s availability. To count the total aircraft used, since all aircraft must start the shipment operation with a pickup route and end with a delivery route, we can restrict the number of pickup or delivery routes for each fleet type 
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4.1.4 Hub Sorting Capacity

To model the HSN hub sorting capacity constraint, the information on when each package is sorted is very important, especially for determining the hub sorting capacity. Importantly, the hub sorting capacity is modeled as one of the decision variables in our study. In each HSN, the maximum number of packages passing through each sorting arc will determine the upper bound of that hub sorting capacity. In our study, each package flow path contains information not only on airport/hub locations it visits, but also on when the package arrives at the hub and when it is sorted. Let 
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where
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4.1.5 Hub Storage Capacity

During any time interval when packages are waiting at a hub to be sorted, these packages determine that hub’s storage requirement. Let 
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where
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4.1.6 FIFO Package Movement in HSN

Given HSN’s configuration, which contains a set of directed arcs to handle the FIFO sorting process, packages moving on the vertical arcs at any grid time 
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To model both sets of package flows according to the above two conditions, we introduce binary decision variables to represent the indicators of those sets. Then, the FIFO package movement constraints are:
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where
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= Very large flow value, sufficient to cover all possible flow amounts in the system.
4.2 Formulation

We formulate the problem of air express network design with hub sorting as a path-based formulation, as described in Ahuja et al. (1993), Kim and Barnhart (1999), and Kim et al. (1999). The resulting single-stage sorting formulation is:
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Subject to:


[image: image166.wmf]k

k

P

p

k

p

d

x

=

å

Î

)

(






[image: image167.wmf]K

k

Î

"






 (7.2)


[image: image168.wmf]å

å

å

å

Î

Î

Î

Î

£

F

f

R

r

f

r

f

fr

a

K

k

k

P

p

k

p

p

a

f

y

u

x

d

a

)

(



[image: image169.wmf]D

P

ARN

A

a

/

Î

"






 (7.3)


[image: image170.wmf]0

=

å

Î

f

R

r

f

r

r

i

y

b






[image: image171.wmf]F

f

S

i

Î

"

Î

"

,





 (7.4)


[image: image172.wmf]0

)

(

)

(

£

-

å

å

å

å

D

-

=

Ç

Î

D

+

=

Ç

Î

t

t

SST

t

L

R

r

f

r

t

t

SST

t

L

R

r

f

r

m

t

h

A

f

P

m

t

h

D

f

D

y

y



[image: image173.wmf]F

f

H

h

SST

G

t

h

m

Î

"

Î

"

Î

"

,

},

{

\



 (7.5)

[image: image174.wmf]f

R

r

f

r

n

y

f

P

£

å

Î






[image: image175.wmf]F

f

Î

"






 (7.6)


[image: image176.wmf]0

)

(

,

,

£

D

-

å

å

Î

Î

t

e

x

h

K

k

k

P

p

k

p

h

e

p

k

g




[image: image177.wmf]H

h

SST

G

t

h

m

Î

"

Î

"

},

{

\




 (7.7)


[image: image178.wmf]0

)

(

,

,

£

-

å

å

Î

Î

h

K

k

k

P

p

k

p

h

s

p

k

s

x

g





[image: image179.wmf]H

h

SET

SST

G

t

h

m

Î

"

Î

"

},

,

{

\



 (7.8)


[image: image180.wmf]1

)]

(

[

)]

(

[

)

,

(

]

,

(

£

+

x

U

I

x

V

I

m

a

m

a

t

t

h

t

t

h




[image: image181.wmf]H

h

SST

G

t

SET

G

t

h

m

h

a

Î

"

Î

"

Î

"

},

{

\

},

{

\


 (7.9)


[image: image182.wmf]0

)]

(

[

)

,

(

]

,

(

)

(

,

,

£

-

å

å

Î

Î

x

V

MI

x

t

t

m

a

t

t

h

K

k

k

P

p

k

p

m

a

h

v

k

p

g



[image: image183.wmf]H

h

SST

G

t

SET

G

t

h

m

h

a

Î

"

Î

"

Î

"

},

{

\

},

{

\

           (7.10)


[image: image184.wmf]0

)]

(

[

)

,

(

)

,

(

)

(

,

,

£

-

å

å

Î

Î

x

U

MI

x

t

t

m

a

t

t

h

K

k

k

P

p

k

p

m

a

h

u

k

p

g



[image: image185.wmf]H

h

SST

G

t

SET

G

t

h

m

h

a

Î

"

Î

"

Î

"

},

{

\

},

{

\

           (7.11)


[image: image186.wmf]0

³

k

p

x







[image: image187.wmf]K

k

k

P

p

Î

Î

"

),

(




           (7.12)


[image: image188.wmf]0

³

h

e

 





[image: image189.wmf]H

h

Î

"

           


           (7.13)


[image: image190.wmf]0

³

h

s

 





[image: image191.wmf]H

h

Î

"

           


           (7.14)


[image: image192.wmf]+

Z

Î

f

r

y






[image: image193.wmf]F

f

R

r

f

Î

"

Î

"

,




           (7.15)

For the two-stage sorting formulation, since the interhub flights are included, eqs. (7.3) and (7.5) are changed to eqs. (7.16) and (7.17), respectively:
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The objective function (7.1) minimizes the total system cost of transportation and hub operation. The flow of packages over any arc cannot exceed the arc capacity expressed by constraint sets (7.3) and (7.16).  Constraint sets (7.4) describe the fleet balancing at service centers, constraints (7.5) and (7.17) impose the fleet balancing at hubs, and constraint set (7.6) limits the fleet size.


For the HSN, constraint set (7.7) ensures that the total package flows sorted in each sorting channel do not exceed the sorting capacity, as stated in section 4.1.4. Similarly, constraint set (7.8) limits the hub storage capacity. Constraint sets (7.9), (7.10) and (7.11) impose FIFO flow, as discussed in section 4.1.6. Constraint set (7.10) provides an unlimited arc capacity if a vertical arc is selected, while similarly, constraint set (7.11) specifies an unbounded capacity if a horizontal arc is chosen.


Constraint sets (7.12 – 7.14) specify the bounds of the decision variables, and constraint set (7.15) ensures the integrality of aircraft route variables.
5 Solution Approach – Column Generation (CG)

For a practical problem size of air express network design, the time-space network results in numerous decision variables. Formulating such a problem with all possible variables yields an intractable model, which requires excessive computer memory and solution times. In this study, we consider the column generation approach (CG), which was first suggested by Ford and Fulkerson (1958) and by Tomlin (1966). More details on CG are provided in Ahuja et al. (1993), Barnhart et al. (1995) and Kim et al. (1999). Because only some columns (basic variables) will be in an optimal solution, the CG approach is used to identify those columns, while all other columns (nonbasic variables) can be ignored. In CG, the restricted master problem (RMP), a restricted version of the original model with a limited number of columns, is maintained during the solution process. When solving the RMP, at each so-called master iteration, the dual variables are obtained. Using this set of dual variables, we can determine the potential variables that can improve the RMP’s objective value explicitly or implicitly. For explicit CG, we price out each individual column that is a non-basic variable. The approach is generally used when (1) the number of variables is not large and (2) the pricing subproblem is difficult to solve to identify the potential variables. On the contrary, the implicit one is applicable when the pricing subproblem is easily formulated and solved, without pricing out each individual non-basic variable. The latter approach is efficient especially for a large number of variables. The process is repeated until no further column is included in the RMP. For our air express network design with hub sorting, CG is applied to determine two types of decision variables: aircraft route variables and package flow path variables.

5.1 CG Approach for Aircraft Routes

The following discussion is applicable to both single-stage and two-stage sorting models. Let 
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 be the constraint matrix for aircraft route variables in constraints (7.3), (7.4), (7.5) and (7.6), respectively, and let the dual vector of the corresponding constraints be 
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The aircraft route variables with negative reduced cost should be included in the RMP. The number of aircraft routes priced out in each master iteration should be properly investigated in order to limit the size of the integer programming model and obtain a good IP-LP gap. Let 
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 aircraft routes with lowest negative reduced costs, which are currently not in the RMP. The aircraft routes that should be included in the RMP can be determined from the following pricing subproblem:
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It can be seen that eq. 9 is difficult to formulate as a mathematical program and solve. An explicit CG approach seems efficient in this situation, and there are quite a few aircraft route variables to consider. 

5.2 CG Approach for Package Flow Paths

To determine the potential package flow path variables, let 
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 denote the objective coefficient vector for package flow path variables, let 
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 be the constraint matrix for package flow paths in constraints (7.2), (7.3), (7.7), (7.8), (7.10) and (7.11), respectively, and denote the dual vector corresponding those constraints as 
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Again, only the variables with negative reduced cost should be included in the RMP. To identify those variables, eq. 10 can be decomposed into 
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 independent subproblems, each for a single commodity 
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. Because each path 
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 is a sequence of arcs contained in ARN and HSN, optimality of each subproblem can be verified by solving the shortest path problem over the reduced cost. 
6 Numerical Analysis

We evaluate the potential saving of a proposed two-stage sorting operation by comparing it to the existing single-stage operation on the small network. Our purpose here is to gain insight into the advantages of each system based on a given set of input data/parameters. The column generation approach (CG) is applied to both sorting models. All runs are performed on a Pentium M 1.7 GHz with 512MB RAM, running CPLEX 9.0. With the available optimization software, CG cannot be implemented at nodes within a branch-and-bound tree; therefore, we employ CG only at the root node. The resulting optimal LP solution is then embedded in the branch-and-bound approach, in which the best bound node selection branching scheme is used. 
6.1 Case Study 1: 2 Hubs, 8 Service Centers, 1 Aircraft Type

In this section, two hubs with 8 service centers serviced by a single aircraft type are modeled under two different operations and their performances are evaluated. We distribute the O/D demand matrix so that both hubs are used to consolidate packages in the existing single-stage sorting operation. Since an eastern hub location is generally preferred as a master hub where all service centers are connected via at least one flight, we distribute the demands in the western service centers so that each service center is served by more than one flight. Tables 2 – 5 are the input data for testing the Case 1 scenario. In Table 5, we first consider only aircraft type 1 in order to exclude the effect of aircraft mix. It is also noted that we pre-assign each service center to its closest hub for the two-stage sorting operation. In this analysis, the cost components we consider are:

· Aircraft ownership cost

· Aircraft operating cost

· Aircraft take-off/landing cost

· Hub sorting capital cost, and

· Hub storage capital cost

With this small network, we include all aircraft route variables, while we determine package flow paths using the CG approach. Although the problem size is small, we ran out of the computer memory before obtaining an optimal IP solution. Therefore, in this case study, we terminate the branch-and-bound when the IP-LP Gap is 5% for both models. The computational results are reported in Table 6, while the operating characteristics are shown in Table 7. It is noted that 
[image: image215.wmf]S

 denotes the number of service centers, 
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 is the number of commodities, and 
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 is the number of aircraft types. Detailed cost distributions are reported in Table 8. Figures 9 and 10 show the resulting network configurations for single-stage and two-stage sorting operations, respectively.

In Table 7, compared to the single-stage sorting operation, the two-stage one reduces travel distance by 14.7% and increases average load factor (= actual package-miles / aircraft capacity package-miles) by 1.8%. However, to make such operation feasible, the hub sorting rate and storage capacity must increase so that interhub flights can arrive at the second hub before the SET. As a result in Table 8, the two-stage sorting operation incurs lower aircraft operating cost but higher hub operating cost compared to the single-stage operation. 

Figure 11 demonstrates how the two systems compare when the demand varies from its baseline values (=100%). The total operating costs are lower with single-stage sorting at high demand, and with two-stage sorting at low demand. These results can be explained as follows:

· When the total demands of service center 
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 on the delivery side, it is not optimal to have all the demands travel farther in order to be consolidated twice with two-stage sorting. When demand is high, the aircraft operating cost, which is determined by miles of travel, overcomes the savings of consolidation through two-stage sorting. Thus, more direct service (single-stage sorting) is favored.

· When the total demand of service center 
[image: image221.wmf]i

 is below an aircraft’s capacity, 
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 on the delivery side, consolidating packages first at the nearby hub before delivery to another hub overcomes the higher aircraft operating cost – travel farther and then consolidated service (two-stage sorting operation) is preferable.

Given the relative advantages of each system in different situations, we can consider combinations of the two models for a general network. If the total demands of any service center exceed the largest aircraft capacity, the demands should be separated into two groups. The first set, which completely utilizes an aircraft’s capacity, are transported via single-stage sorting. For the remaining demands in the second group, 
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 on the delivery side, if they are below an aircraft’s capacity, they can benefit from a two-stage sorting operation; otherwise they are again separated into two groups, and so on.

6.2 Case Study 2: 2 Hubs, 8 Service Centers, 2 Aircraft Types
Case 2 is extended from Case 1, by considering two aircraft types . Aircraft type 2 has triple in capacity of aircraft type 1, and has unit costs about 10% lower for both aircraft operating cost and aircraft ownership cost. This scenario thus considers the possible economies of aircraft size. We perform the test by varying the demands as in Case 1 and show the results in Figure 12. It can be seen that the gaps in total operating cost among the two cases with high demand are less than in Case 1, as shown in Table 9. The two-stage sorting operation is again a good candidate when using several aircraft sizes.

To check how two-stage sorting operation benefits the distribution system, we randomly generate demands into two scenarios: (1) high demand (mean = 100% and range = 50% of demand in Table 2) and (2) low demand (mean = 75% and range = 50% of demand in Table 2). Again, the two-stage sorting operation outperforms the single-stage one at low demand, as shown in Table 10. 

7 Conclusions and Future Research
In this paper, we have described an integrated model for air express network design with hub sorting. In our scenario analyses, the two-stage sorting operation reduces the total system cost when demands are low. To overcome the drawbacks of the limited time window in the proposed operation, the hub sorting rate and storage size must be increased. At high demand, detouring the packages to have them sorted twice increases aircraft operating cost, which outweighs the savings from the consolidation. Therefore, the single-stage operation is preferred. Not surprisingly, as demand increases more direct flights become preferable. In the general case where demands vary over the network, the two-stage sorting might be beneficially combined with the single-stage one in a mixed-stage operation.

Despite the small size of our test problem, the branch and bound algorithm required a long computation time. Due to problem’s complexity, a conventional time-space network formulation cannot exactly solve a large-scale problem. Therefore, a heuristic solution approach should be considered in future research.
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Appendix A  Abbreviations

CG
Column generation approach

EPT
Earliest pickup time at service center

FIFO
First in first out sorting process

GIP
General inventory problem

HSN
Hub sorting network

LDT
Latest delivery time at service center

PMN
Package movement network

RMP
Restricted master problem

SET
Sort end time at hub

SST
Sort start time at hub
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Table 1: Effect of sorting stages on aircraft and flight legs required
	Sorting Operation
	# Flight Legs
	# Aircraft

	Single-stage
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	Two-stage
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Table 2: O/D demand matrix for tested network

	O/D
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)

	(1)
	0
	2,000
	2,700
	1,700
	2,500
	1,200
	1,200
	1,000

	(2)
	2,000
	0
	1,500
	400
	800
	500
	1,300
	1,300

	(3)
	2,700
	1,500
	0
	300
	1,000
	800
	800
	800

	(4)
	1,700
	400
	300
	0
	5,000
	1,200
	1,200
	1,200

	(5)
	2,500
	800
	1,000
	5,000
	0
	1,000
	700
	1,300

	(6)
	1,200
	500
	800
	1,200
	1,000
	0
	4,000
	3,500

	(7)
	1,200
	1,300
	800
	1,200
	700
	4,000
	0
	3,000

	(8)
	1,000
	1,300
	800
	1,200
	1,300
	3,500
	3,300
	0


Table 3: Characteristics of service centers
	Service Center No.
	EPT
	LDT
	X
	Y
	Assigned Hub

	1
	8:00 PM (EST)
	8:00 AM (EST)
	2,900
	500
	1

	2
	8:00 PM (EST)
	8:00 AM (EST)
	2,500
	100
	1

	3
	8:00 PM (EST)
	8:00 AM (EST)
	2,900
	1,100
	1

	4
	8:00 PM (EST)
	8:00 AM (EST)
	2,000
	400
	1

	5
	8:00 PM (EST)
	8:00 AM (EST)
	2,100
	1,200
	1

	6
	7:00 PM (PST)
	6:00 AM (PST)
	700
	1,300
	2

	7
	7:00 PM (PST)
	7:00 AM (PST)
	300
	900
	2

	8
	7:00 PM (PST)
	6:00 AM (PST)
	600
	300
	2


Table 4: Characteristics of hubs

	Hub No.
	1
	2

	SST
	12:00 AM
	12:00 AM

	SET
	5:00 AM
	5:00 AM

	X Coordinate
	2,300
	900

	Y Coordinate
	700
	700

	Cost per unit sorting rate (
[image: image378.wmf]h

e

c

)
	$1
	$1

	Cost per unit storage size (
[image: image379.wmf]h

s

c

)
	$0.2
	$0.2

	Number of designed grid time (
[image: image380.wmf]h

G

)
	9
	9


Table 5: Characteristics of aircraft types
	Aircraft Type No.
	1
	2

	Availability
	20
	20

	Capacity (packages)
	8,000
	25,000

	Max. Flying Range
 (mi.)
	3,600
	5,600

	Avg. Cruising Speed (mph)
	450
	450

	Operating Cost/mile
	$8
	$22

	Take-Off/Landing Cost
	$300
	$600

	Ownership Cost/Day/Aircraft
	$16,000
	$44,000


Table 6: Computational results for Case 1
	Type of sorting operation
	Single-Stage
	Two-Stage
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	56
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	1
	1

	
	
	

	#Aircraft route variables
	129
	64

	
	
	

	Termination Criteria
	5% IP-LP Gap
	5% IP-LP Gap

	IP
	483,837
	475,155

	LP
	508,028
	498,912

	Gap
	5%
	5.0%


Table 7: Comparison of operating characteristics for Case 1

	Type of sorting operation
	Single-Stage
	Two-Stage
	% Chg

	Aircraft
	
	
	

	· Number of aircraft required
	13
	13
	0%

	· Total distance flown (mi.)
	26,106
	22,283
	-14.7%

	· Pickup
	14,059
	8,342
	-40.7%

	· Delivery
	12,047
	8,342
	-30.8%

	· Interhub
	0
	5,600
	NA

	· Legs
	31
	32
	3.2%

	· Capacity-Miles
	208.8 M
	178.3 M
	-14.7%

	· Package-Miles
	172.8M
	150.7M
	-12.8%

	· Avg. load factor
	82.7%
	84.5%
	1.8%

	Hub No. 1
	
	
	

	· Sorting rate (packages/hour)
	38,400
	41,040
	6.9%

	· Storage size (packages)
	24,000
	25,650
	6.9%

	Hub No. 2
	
	
	

	· Sorting rate (packages/hour)
	12,880
	29,440
	128.6%

	· Storage size (packages)
	8,050
	18,400
	128.6%


Table 8: Comparison of cost distributions for Case 1

	Type of sorting operation
	Single-Stage
	Two-Stage
	% Chg

	Aircraft
	
	
	

	· Ownership Cost
	$208,000
	$208,000
	0%

	· Operating Cost
	$208,847
	$178,265
	-14.7%

	· Take-Off/Landing Cost
	$9,300
	$9,600
	3.2%

	Total Aircraft Cost
	$426,147
	$395,865
	-7.1%

	
	
	
	

	Hub No. 1
	
	
	

	· Sorting Cost
	$38,400
	$41,040
	6.9%

	· Storage Cost
	$4,800
	$5,130
	6.9%

	Total Hub No. 1 Cost
	$43,200
	$46,170
	6.9%

	Hub No. 2
	
	
	 

	· Sorting Cost
	$12,880
	$29,440
	128.6%

	· Storage Cost
	$1,610
	$3,680
	128.6%

	Total Hub No. 2 Cost
	$14,490
	$33,120
	128.6%

	
	
	
	 

	Total Operating Cost
	$483,837
	$475,155
	-1.8%


Table 9: Changes in total operating cost for Case 1 and Case 2
	% of Original Demand
	Two-Stage vs. Single-Stage
% Change Total Operating Cost

	
	Case 1
	Case 2

	50%
	-17.0%
	-14.1%

	60%
	-20.1%
	-16.2%

	70%
	4.0%
	0.4%

	80%
	3.4%
	5.8%

	90%
	3.7%
	3.1%

	100%
	-1.8%
	-0.7%

	110%
	4.7%
	3.1%

	120%
	2.4%
	1.4%

	130%
	5.2%
	5.2%

	140%
	7.1%
	2.9%

	150%
	5.1%
	1.9%


Table 10: Effect of demand level on sorting stages
	Problem Name
	Two-Stage vs. Single-Stage
Total Operating Cost Gap
	Problem Name
	Two-Stage vs. Single-Stage
Total Operating Cost Gap

	
	1AC
	2ACs
	
	1AC
	2ACs

	rd_h_01

	1.2%
	3.6%
	rd_l_01

	-6.1%
	-4.7%

	rd_h_02
	2.3%
	1.5%
	rd_l_02
	2.1%
	3.5%

	rd_h_03
	4.1%
	2.8%
	rd_l_03
	2.0%
	3.5%

	rd_h_04
	-0.2%
	1.6%
	rd_l_04
	-2.2%
	-2.4%

	rd_h_05
	4.1%
	0.3%
	rd_l_05
	1.4%
	2.4%

	rd_h_06
	2.9%
	2.7%
	rd_l_06
	-3.9%
	-1.4%

	rd_h_07
	1.6%
	-0.3%
	rd_l_07
	-0.1%
	0.2%

	rd_h_08
	4.2%
	3.2%
	rd_l_08
	-3.8%
	-6.4%

	rd_h_09
	6.8%
	7.4%
	rd_l_09
	3.9%
	3.0%

	rd_h_10
	8.1%
	6.8%
	rd_l_10
	-0.8%
	-2.2%

	rd_h_11
	1.2%
	1.8%
	rd_l_11
	-3.8%
	-9.7%

	rd_h_12
	6.1%
	5.0%
	rd_l_12
	-2.1%
	-8.1%

	rd_h_13
	1.0%
	-0.8%
	rd_l_13
	-4.9%
	-0.6%

	rd_h_14
	6.4%
	6.9%
	rd_l_14
	-2.1%
	-0.3%

	rd_h_15
	4.7%
	5.6%
	rd_l_15
	0.3%
	-1.8%

	rd_h_16
	3.1%
	2.6%
	rd_l_16
	-1.9%
	1.3%

	rd_h_17
	2.5%
	0.6%
	rd_l_17
	-4.8%
	-4.6%

	rd_h_18
	1.3%
	2.7%
	rd_l_18
	-4.8%
	-4.6%

	rd_h_19
	2.6%
	0.5%
	rd_l_19
	4.2%
	1.7%

	rd_h_20
	3.5%
	4.1%
	rd_l_20
	-2.6%
	1.1%

	Average
	3.4%
	2.9%
	Average
	-1.5%
	-1.5%


Figures 

Figure 1: Existing next day air operation

Figure 2: Single-stage sorting operation

Figure 3: Two-stage sorting operation

Figure 4: Inventory sorting model for hub sorting process

Figure 5: Coordination between hub sorting operations and air route design

Figure 6: Hub sorting network (HSN)

Figure 7: Network representation of pickup route network

Figure 8: Network representation of interhub route network

Figure 9: Network configuration for Case 1 - single-stage sorting operation

Figure 10: Network configuration for Case 1 - two-stage sorting operation

Figure 11: Total operating cost for each model vs. demand for Case 1

Figure 12: Total operating cost for each model vs. demand for Case 2
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Figure 11
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� Maximum flying distance at maximum payload


� rd_h_01 = high random demand problem No.1


� rd_l_01 = low random demand problem No.1
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