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INTRODUCTION

OPENING DELAYS 
Denver International Airport was scheduled to open on October 31, 1993 with all three of its concourses fully running on the BAE automated baggage handling system. On February 28, 1995, Stapleton International Airport finally closed its gates and terminal. Denver International Airport opened on the same day, absorbing all of Stapleton's traffic. Its opening came sixteen months late. Here are the problems encountered in the history of Denver International Airport's making. 

March 2,1993: The first airport opening delay. The October 31, 1993 opening date is changed to December 19, 1993 to allow for a seven week debugging of hundreds of systems. 

October 25,1993: The second airport opening delay. The December 19, 1993 opening date is changed to March 9, 1994 to accommodate changes made by the airlines, allow more time to test critical airport systems, train airline ticket agents and other workers, and complete installation of fire and security systems. 

March 1,1994: The third airport opening delay. The March 9, 1994 opening date is changed to May 15, 1994 to accommodate problems of troubleshooting the airport's complex baggage system. 

May 2, 1994: The fourth airport opening delay. The May 15, 1994 opening date is delayed indefinitely to resolve more problems encountered while testing the baggage system. 

August 22,1994: Mayor announces that Denver International Airport will open on February 28, 1995. 

September 7,1994: Denver and BAE sign an agreement that allows BAE to work directly with United Airlines to simplify the baggage system so it can be ready for a February opening. 

September 21,1994:Denver and BAE begin mediation over who is to blame for the cost overruns and problems with the baggage system. 

February 28,1995:Concourse A's opening is postponed indefinitely, owing to litigation between Denver and Continental Airlines, which has canceled its lease of 30 gates, and its operation of using Denver as a major hub. Concourse B, housing all of United's gates, opens using the BAE automated baggage handling system only on outbound, Denver-originated flights. 

NEED FOR BAE

United Airlines' Request 

Early in the planning stage, United Airlines insisted on an automated high-speed baggage system, like the one it operates in San Francisco. After some consideration, Denver agreed that not only would United have an automated high speed baggage handling system, but so would the rest of the airport's three concourses.

Long Distances

At the Denver International Airport, distance and speed of delivery have significant importance because the distances between passengers, planes, gates, ticket counters, concourses, and the terminal are much larger than at other airports. The closest concourse, concourse A, is 1,300 feet away from the passenger terminal. The farthest, concourse C, is a full mile from the terminal. Concourse B itself is .7 miles long. To keep flights on schedule, speed becomes critical in moving baggage. Furthermore, across such great distances the only direct route for baggage moving is through the underground tunnels, which are incapable of accommodating gas-powered tugs. Taking baggage on tug and cart by route of the runway aprons could take as long as fifty minutes, thereby missing most flights.

Profits

Airlines maximize their profits by keeping their planes airborne, not grounded and waiting for baggage.

CHARACTERISTICS OF BAE DESIGN 
Modern Flying 

When the automated baggage system design for the Denver International Airport was introduced, it was hailed as the savior of modern airport design. Designed by BAE Automated Systems of Carrollton, Texas (previously Boeing Airport Equipment), it allows airport planners to design airports of larger size, using narrow corridors and tunnels for baggage where no tug and cart system can run. Furthermore, it requires none of the manual labor personnel, and can be used as easily in pinpointing the location of baggage as in moving it. Flyers never have to hover around the baggage terminal waiting for their baggage as with traditional systems, because their baggage arrives at the claim before they do. On departure, their baggage arrives at the aircraft before they do. 

Speed 

Denver's baggage system design called for replacing the traditional slow conveyor belts with telecars that roll freely on underground tracks at more than three times the speed. A telecar that is loading baggage rolls at 4.5 miles per hour. A telecar that is unloading its baggage rolls at 8.5 miles per hour. A telecar in transit rolls at a fast 19 miles per hour. Each track can handle 60 telecars per minute. It was the combination Denver International Airport's underground tunnel network and swift speeds that allowed all baggage to move between any concourse and the airport terminal in less than nine minutes. In United's concourse B, transfer baggage moves between any two gates in under six minutes.

Components 

The BAE design includes a number of high-tech components. It calls for 300 486-class computers distributed in eight control rooms, a Raima Corp. database running on a Net frame Systems fault-tolerant NF250 server, a high-speed fiber-optic Ethernet network, 14 million feet of wiring, 56 laser arrays, 400 frequency readers, 22 miles of track, 6 miles of conveyor belts, 3,100 standard telecars, 450 oversized telecars, 10,000 motors, and 92 PLCs to control motors and track switches. The computers sense changes in demand by measuring the flow of passengers throughout the airport. During peak times, all 3,550 telecars are available for moving baggage. Before the telecar speeds away, a laser scanner similar to those used in grocery stores reads the bar code tag on the bag's handle and associates the bag with its telecar. The computer that scans the bar code tags then sends information to a BAE sortation computer that translates it by using a look up table to match the flight number with the appropriate gate. A tracking computer guides the telecar to its destination by communicating with the hockey puck-sized radio transponders mounted on the side of each telecar. With so much equipment serving such a large area, the Denver International Airport's baggage system is the world's largest.

Tracking Baggage 

As the telecars roll, the tracking computers monitor each of the system's thousands of radio transponders which emit millions of messages per second.

Oversized Baggage 

In addition to standard-sized baggage, the system can also accommodate nonstandard-sized baggage on oversized telecars that measure 6.5 feet long by 4 feet wide.

Security

The system can work in full capacity for 18 hours every day at a 99.5 percent efficiency rate. The system has strict access privileges for workers, and its command center is well guarded and locked behind steel doors.

Object-Oriented Architecture 

Fortunately, the automated baggage handling system illustrates the principle of object-oriented design beautifully. It sends messages to objects (the telecars), which respond by returning other objects (baggage and empty telecars) to the sender. Its real-time software was programmed in OS/2 and intended to run on OS/2 version 2.0. Decentralized computing allows the baggage system to operate independently of the airport's information systems department. The only dependence within the system involves coordination with the airlines' flight reservation and information systems.

PROBLEMS AND SOLUTIONS

Technology

BAE misused its technological advantage by expecting spectacular performance from the system components, and not allowing them a proper margin of error. The components were expected to perform to their highest theoretical capabilities. When any of the components failed others failed as well due to the system's inherently tight coupling. 

Planning

Denver's baggage system design was an afterthought to the construction of the airport. The BAE system was detailed well after construction of Denver International Airport had begun. When construction of the automated baggage system finally began, problems arose due to the constraints of the buildings and structures, which would contain the baggage system's tracks and other components.

Modifications and Other Changes

When BAE accepted the job, no changes to the project were anticipated. Denver officials often altered plans and timetables without consulting either the airlines or BAE. When changes were made to one part of the system, it was not clearly understood how the changes would affect the system as a whole. As the project matured, it grew in size and complexity. Design changes increased the system's technical difficulties that consistently hampered progress. When BAE learned that the centralized system's faults ran through the rest of its tightly coupled subsystems, they chose to decentralize all of the tracking and sorting computers. Such major design changes deserved review of alternate courses. However, due to the condensed development and testing schedule, on the fly design changes that typically require major design alterations were treated with minor patchwork

Chaos 

The first time that BAE ran the baggage system for performance testing, there was complete chaos. Faults throughout the entire baggage system destroyed bags and flung suitcases out of telecars. Telecars crashed into each other especially frequently at intersections. Many dumped their baggage off at the wrong place. The very clothing they were carrying jammed some telecars. Telecars holding bags with unreadable bar codes were routed to holding stations.

Software

While writing code for the communication, tracking, and other numerous applications, the software grew more complicated. As a consequence, the code completion agenda experienced the threat of becoming unmanageable due to escalating levels of complexity. By principle, as program code grows in complexity, it becomes increasingly hard to track or understand Instances of systems code delaying the opening of large projects abound.

System Testing

75 percent of all information systems projects are plagued by quality problems, and only 1 percent of the projects are completed on time.

Timing

Before timing problems were known, United Airlines ticket agents were generating on-line printed baggage tags too quickly. The timing gap led United's Apollo computer reservation system to communicate erroneous data to BAE's sorting computers, causing the baggage telecars to go to a manual sorting station, and not their proper destinations.

BAE altered system speeds when officials discovered significant timing problems in matching telecar and baggage arrivals as well.

Equipment

Laser scanning equipment that misread bar codes became a major problem.

Power Generation 

For some time, the system was experiencing unreliable power generation.

Line-Balancing

Bags lined up and waited for vehicles and empty vehicles went by with no bags. The problem was that they assumed they could release empty vehicles in some arbitrary quantity. Sometimes that number coincided with the number of bags waiting, but sometimes it didn't. The solution came when programmers wrote new line-balancing related logic for both the OS/2 based car routing application and the PLCs that carry out the commands 

Logplan 

Denver conducted a worldwide search for consultants who could figure out exactly what is wrong and how long it would take to fix. Logplan, a German consulting company was hired for the job. Denver and United then used Logplan's final report in deciding how to make the pieces of their system work.

Complexity

An example of the complexity in BAE's design is the act of summoning an empty cart from one place in the baggage track circuitry to another. This seemingly simple action must take place up to a thousand times a minute during standard airport operations. And, due to differences in empty telecar demand throughout the airport, empty cars frequently must change direction, jump tracks, or switch to another loop in the circuit. Also the patterns of system loads were highly variable. The patterns depend on the season, time of day, type of aircraft, number of passengers, percentage traveling with skis, and other factors. At peak times, all of the system's 3,550 telecars are in motion. If a telecar interchange is popular enough, the telecars attempting to merge with busy traffic may wait in cues of other telecars. The cue tracks are of limited length. Should a cue fill to the maximum, the three hundred tracking computers must immediately detect the problem and transmit re-routing instructions to all telecars in danger of crashing.

Cost Of Failure

	Cost of Denver International Airport (Dollars in millions)
	

	Cost Category
	Cost

	Costs to Denver Airport System
	$

	Airport planning, land, and construction
	3214

	Capitalized interest
	919

	Bond discounts and issuance expense
	136

	Total costs to Denver Airport System
	4269

	Costs to others
	

	FAA facilities
	224

	United Airline's special facilities
	261

	Continental Airline's special facilities
	73

	Rental car facilities
	66

	Total costs to others
	624

	Grand total costs of Denver International Airport
	4893


If Denver International Airport (DIA) opened by February 28, 1995, it was estimated that the costs of the airport, including facilities funded by airlines, rental car companies, and FAA would have been about $4.9 billion. Of this amount, the Denver Airport System (airport system) had funded $4.269 billion, including capitalized interest and Airport Improvement Program (AIP) grants.

The total cost encompassed all projects approved as of September 1, 1994. It excluded costs for a sixth runway, which had not yet been authorized then, and other potential costs or recoveries arising from future legal settlements between the airport system and its contractors. Since September 1, 1994, Denver had agreed to build an alternative baggage system estimated to cost $51 million and had agreed to further modifications to the automated baggage system, which would cost an estimated $35 million. 

The airport system incurred a net operating deficit of $80.08 million from January 1, 1994, through June 30, 1994--an average of $13.35 million each month. This deficit occurred because the revenues generated by SIA did not cover the debt servicing requirements and operations and maintenance (O&M) costs at both airports. For this same period, DIA officials had earlier estimated a net monthly deficit of $16.4 million

SOURCES OF FUNDS USED TO COVER $80.08 MILLION DEFICIT-- JANUARY 1, 1994, THROUGH JUNE 30, 1994

Airlines Payments: The airport system used funds from five sources to cover the $80.08 million operating deficit for the first 6 months of 1994. During the 6-month period, United and Continental airlines paid $36.53 million to the airport system to cover delay costs. The airport system applied $31 million of this amount against the $80.08 million deficit. United's $23.9 million contribution came from special facility bond funds that remained from a construction project for its maintenance hangar at DIA.

In April and May 1994, both United and Continental paid $6.63 million and $6 million, respectively, to help offset delay costs from March 9 to May 15, 1994. United also agreed to pay an additional $9.9 million and Continental an additional $1.4 million before December 31, 1994.

Aviation fuel tax fund: On January 1, 1994, the airport system had about $36.6 million in the aviation fuel tax fund, a special purpose fund established to retire SIA's portion of 1984 and 1985 revenue bonds. The airport system used $25.92 million from this fund to cover the net operating deficit; $10.8 million from the proceeds of the 1994A bond issue had been transferred back into this fund. 

Capitalized interest: Capitalized interest is money from the original bond proceeds set aside to pay debt service payments during the airport's construction period; $11.96 million was used to cover part of the deficit. 

Surplus in bond reserve fund: Under the bond ordinance, the airport system is required to set aside enough money in a bond reserve fund to pay debt service requirements for a full year. The funding requirement for Denver's bond reserve fund was $304.63 million, excluding the 1994A bonds. On January 1, 1994, the airport system had $315.11 million in the fund, leaving a surplus of about $10.5 million; $6.45 million of this surplus was used to cover the deficit.

Operating surplus from 1993 SIA operations: Net revenues from operations at SIA were held in an operating fund, which had a balance of $7.65 million on January 1, 1994. During the first 6 months of 1994, $4.75 million was used to cover the deficit. 
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