In other chapters we discussed the scheduling of repetitive operations and activities, such as work scheduling and job scheduling, as an important aspect of managing an operation. Operational schedules are established to keep the flow of products or services through the supply chain on time. However, not all operational activities are repetitive; some are unique, occurring only once within a specified time frame. Such unique, one-time activities are referred to as projects. 

Project management is the management of the work to develop and implement an innovation or change in an existing operation. It encompasses planning the project and controlling the project activities, subject to resource and budget constraints, to keep the project on schedule. Examples of projects include constructing facilities and buildings, such as houses, factories, a shopping mall, an athletic stadium, or an arena; developing a military weapons system, new aircraft, or new ship; launching a satellite system; constructing an oil pipeline; developing and implementing a new computer system; planning a rock concert, football bowl game, or basketball tournament; and introducing new products into the market. 

Projects have become increasingly pervasive in companies in recent years. This is a result of the diversity of new products and product markets and the shorter life span of products, combined with rapid technological changes. The nature of the international business environment is such that new machinery and equipment, as well as new production processes and computer support systems, are constantly evolving. This provides the capability of developing new products and services, which generates consumer demand for even greater product diversity. As a result a larger proportion of total organizational effort now goes toward project-oriented activities than in the past. Thus, the planning and management of projects has taken on a more crucial role in operations management. 

In this chapter we focus on project management using CPM and PERT network scheduling techniques that are popular because they provide a graph or visual representation of the interrelationship and sequence of individual project activities, rather than simply a verbal or mathematical description. However, prior to our presentation of the CPM/PERT technique, we will discuss the elements of project management. 
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The Elements of Project Management
Management is concerned with the planning, organization, and control of an ongoing process or activity such as the production of a product or delivery of a service. Project management is different in that it reflects a commitment of resources and people to an important activity for a relatively short time frame, after which the management effort is dissolved. The features and characteristics of project management tend to be unique. In this section, we will discuss the three primary elements of project management: the project team, project planning, and project control. 

The Project Team
The project team typically consists of a group of individuals selected from other areas in the organization or from outside the organization because of their special skills, expertise, and experience related to the project activities. Members of the engineering staff are often assigned to project work because of their technical skills, especially if the project is related to production processes or equipment. The project team may also include managers and staff personnel from specific areas related to the project. Workers can also be involved on the project team if their job is a function of the project activity. For example, a project team for the construction of a new loading dock facility might include truck drivers, forklift operators, dock workers, and staff personnel and managers from purchasing, shipping, receiving, and packaging, as well as engineers to assess vehicle flow, routes, and space considerations. A principle of TQM is that the employees who work in an area be part of the "problem-solving," or project, team in order to take advantage of their unique perspective and expertise. 

The term matrix organization refers to a team approach to special projects. The team is developed from members of different functional areas or departments in the company. For example, team members might come from engineering, production, marketing, or personnel, depending on the specialized skills required by the project. The team members are, in effect, on loan from their home departments to work on a project. The term matrix is derived from the two-dimensional characteristics of this type of organizational structure. On one dimension, the vertical, is the company's normal organizational structure for performing jobs, whereas the horizontal dimension is the special functional structure (i.e., the functional team members) required by the project. 

In recent years a team approach to problem solving has developed as part of many companies' commitment to TQM. In a TQM environment the purpose of the team is to bring together different functional representatives and specialists from inside and outside the company that will successfully solve problems. An objective of the team approach is to get new products to the market before competitors. For example, a product design team might include members from marketing, engineering, purchasing, manufacturing, quality management, and suppliers. 

Assignment to a project team is usually temporary, which can have both positive and negative repercussions. The temporary loss of workers and staff from their permanent jobs can be disruptive for both the employee and the work area. The employee must sometimes "serve two masters," reporting to both the project manager and a regular supervisor. Since projects are usually exciting, they provide an opportunity to do work that is new and innovative, although the employee may be reluctant to report back to a more mundane, regular job after the project is completed. 

The most important member of the project team is the project manager. Managing a project is subject to lots of uncertainty and the distinct possibility of failure. Since a project is unique and usually has not been attempted previously, the outcome is not as certain as the outcome of an ongoing process would be. A degree of security is attained in the supervision of a continuing process that is not present in project management. The project team members are often from diverse areas of the organization and possess different skills, which must be coordinated into a single, focused effort to complete the project successfully. The project is subject to time and budgetary constraints that are not the same as normal work schedules and resource consumption in an ongoing process. There is usually more perceived and real pressure associated with project management than in a normal management position. However, there are potential opportunities, including demonstrating management abilities in a difficult situation, the challenge of working on a unique project, and the excitement of doing something new. 

Project Planning
Planning a project requires that the objectives of the project be clearly defined so the manager and the team know what is expected. Sometimes this is in the form of a formal written description of what is to be accomplished, the work to be done, and the project time frame, called a statement of work (or project scope). All activities (or steps) in the project must be completely identified. This is not a simple task, since the work in the project is new, without a great deal of experiential references to draw on. An activity is the performance of an individual job or work effort that requires labor, resources, and time and that is subject to management control or supervision. Once the activities have been identified, their sequential relationship to each other, called a precedence relationship, must be determined; that is, it must be decided which activities come first, which follow, and so on. In the CPM/PERT technique we discuss later in the chapter, the precedence relationship is visually displayed in the form of a graph called a network. The following graph is a very simplified project network for constructing a new sidewalk: 
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This network shows the precedence relationship between two project activities--"constructing the sidewalk forms," followed by "pouring concrete into the forms." 

Once the activities of the project have been identified and their relationship to each other has been determined, the project activities must be scheduled. Scheduling is accomplished by determining estimates of the time required by each activity and then using these estimates to develop an overall project schedule and time to project completion. The estimated project time must be compared to the project objective; if the project time estimate is too long, then means must be sought to reduce project time. This is usually accomplished by assigning more resources or work effort to activities to reduce the time they require. 

To summarize, the elements of the project planning process are 

· Define project objective(s). 

· Identify activities. 

· Establish precedence relationships. 

· Make time estimates. 

· Determine project completion time. 

· Compare project schedule objectives. 

· Determine resource requirements to meet objectives. 

Project Control
Project management consists of two distinct phases, planning and control. Once the project planning process is completed, the project can physically be initiated--the activities can begin. At this point project management focuses on the control of the work involved in the project. Control includes making sure all activities are identified and included and making sure the activities are completed in the proper sequence. Resource needs must be identified as work is initiated and completed, and the schedule must be adjusted to reflect time changes and corrections. In most cases the primary focus of control is on maintaining the project schedule and making sure the project is completed on time. 

The work breakdown structure (WBS) is a method for project planning and control. In a WBS a project is broken down into its major components, referred to as modules. These components are then subdivided into detailed subcomponents, which are further broken down into activities and, finally, individual tasks. The end result is a project organizational structure made up of different levels, with the overall project at the top of the structure and the individual tasks for each activity at the bottom level. The WBS format is a good way to identify activities and to determine the individual task, module, and project workloads and resources required. Further, it helps to identify relationships between modules and activities. It also identifies unnecessary duplication of activities.

The Gantt Chart
A Gantt chart is a traditional management technique for scheduling and planning small projects with relatively few activities and precedence relationships. The scheduling technique (also called a bar chart) was developed by Henry Gantt, a pioneer in the field of industrial engineering at the artillery ammunition shops of the Frankford Arsenal in 1914. The Gantt chart has been a popular project scheduling tool since its inception and is still widely used today. It is the direct precursor of the CPM/PERT technique, which we will discuss later. 

PRIVATE
THE COMPETITIVE EDGE

Project Management Teams at IBM

Within the Commercial Data Processing Products Division at IBM, new computer-based systems are developed for internal operational and management information needs. The Information Systems Department within this division used its own experiences in project management while developing these systems to establish a training/project development program for project management teams.

A systems development project for creating an information system consists of five generic steps: project initiation (prioritize needs), system design, planning and scheduling, system development, system test, and system implementation and evaluation. When projects are first initiated, managers transferred from operations (such as manufacturing) to project management teams must be reoriented to the differing management styles, including the difference in time frames (i.e., daily operations versus six-month to two-year project planning). The project development program structure includes a five-day (nonconsecutive) workshop in which the project team develops the project schedule for actual ongoing projects. The starting point in the workshop for developing the project schedule plan is a project phase structure chart, a graphic display that divides the project into four basic phases (initiation, planning, development, and implementation) and describes the basic activities for each. Next, project milestones and completion criteria for each are developed. These are targets around which the project schedule is constructed. The project phases are then divided into work breakdown structure outlines, which show all activities for the project and include time estimates and resource requirements. This document is subsequently used to build the project network. The actual project network is constructed using adhesive notes for activities and laying out precedence relationships on a wall chart. The network development includes the following steps: build the initial network chart, input time estimates and print schedules, replan the critical path to meet the acceptable finish date, level person resources within the time constraint of the critical path, and develop a project control action plan. This last item is an effort to brainstorm the final schedule plan to expose possible risky critical and near-critical activities that might delay the project. Team members are assigned to investigate potential problem activities and develop an action plan to avoid the problem. This process is repeated at the completion of each project milestone.



Source: Based on L. A. Rogers, "Project Team Training: A Proven Key to Organizational Teamwork and a Breakthrough in Planning Performances," Project Management Journal 21, no. 2 (June 1990): 9-18.

The Gantt chart is a graph with a bar representing time for each activity in the project being analyzed. Figure 17.1 illustrates a Gantt chart for a simplified project description for building a house. The project contains only seven general activities, such as designing the house, laying the foundation, ordering materials, and so forth. The first activity is "design house and obtain financing," and it requires three months to complete shown by the bar from left to right across the chart. After the first activity is finished, the next two activities, "lay foundation" and "order and receive materials," can start simultaneously. This set of activities demonstrates how a precedence relationship works; the design of the house and the financing must precede the next two activities. 

The activity "lay foundation" requires two months to complete, so it will be finished, at the earliest, at the end of month 5. "Order and receive materials" requires one month to complete, and it could be finished after month 4. However, observe that it is possible to delay the start of this activity one month until month 4. This delay would still enable the activity to be completed by the end of month 5, when the next activity, "build house," is scheduled to start. This extra time for the activity "order materials" is called slack. Slack is the amount by which an activity can be delayed without delaying any of the activities that follow it or the project as a whole. The remainder of the Gantt chart is constructed in a similar manner, and the project is scheduled to be completed at the end of month 9. 

PRIVATE
THE COMPETITIVE EDGE

A Computing Center Relocation Project at Rockwell International

In February 1992 Rockwell International announced it would close its Texas computing center and consolidate its computing functions into the computing center at its corporate headquarters in California. This would be a complex yearlong project, transferring hardware and software, downsizing employee members in Texas, and reconfiguring computers. The savings from the relocation was estimated to be about $48.4 million. However, the project would risk interrupting normal business and customer service so Rockwell scheduled the transfer to take place over Thanksgiving and Christmas of 1992.

The project planning process was completed and the project team was assembled during March and April. The project was broken into three sections including the consolidation of technical support staff (people) in California; transitional operations in Texas; and workload transfer including hardware, facilities, systems, network, vendor support, customer support, operations, and quality assurance functions. A work breakdown structure (WBS) was developed for each of these three sections. From May to August each item in the work breakdown structure was assigned a manager and a completion date schedule. Each week a work package status bulletin was published, updating each item scheduled for completion within the next two weeks. Each item was listed by its WBS and the project manager. 

By September the complete transfer schedule for the project was published including the shipment of thousands of tapes, computers, and new mainframe configurations. (The schedule included dates where transfers were avoided due to Space Shuttle launches.) 

By October the workload transfers for Thanksgiving and Christmas were announced. A 96-hour service outage would occur during each transfer period. By mid-October truckloads of equipment began to arrive in California. Customers and employees were given progress reports and new customer service numbers were issued. As the first transfer period in November drew nearer, normal operations began to take a back seat to project work. At the Thanksgiving transfer, Gantt charts sorted by start times and tasks showed what was going on in each hour. The Thanksgiving transfer went well and the preparation began for the Christmas transfer. In California, staff were working round-the-clock shifts to cope with the volume of incoming tapes, while employees were being flown from California to Texas to fill in for the rapidly dwindling workforce there. As Christmas arrived, Gantt charts again were used to show the hourly schedule for all tasks. During the move hundreds of circuits linking more than 50 sites were reestablished in California, hardware was installed and all services were transferred. By the end of the 96-hour period, the transfer had been successfully completed and the Texas center was gone. The only complaints were from a few customers who noted the systems were a little slow coming up the first morning after the holidays. The project's success was attributed to the strong matrix organization that drew from Rockwell's functional areas, a strong project manager, and a smooth work breakdown structure.



Source: A. L. Zambrano and E. H. Briones, "Data Center Relocation Project: The Rockwell Experience," PM Network 10, no. 1 (January 1996): 31-37.

CPM/PERT
In 1956 a research team at E. I. du Pont de Nemours & Company, Inc., led by a du Pont engineer, Morgan R. Walker, and a Remington-Rand computer specialist, James E. Kelley, Jr., initiated a project to develop a computerized system to improve the planning, scheduling, and reporting of the company's engineering programs (including plant maintenance and construction projects). The resulting network approach is known as the critical path method (CPM). At the same time the U.S. Navy established a research team composed of members of the Navy Special Projects Office, Lockheed, and the consulting firm of Booz, Allen, and Hamilton, led by D. G. Malcolm. They developed a similar network approach for the design of a management control system for the development of the Polaris Missile Project (a ballistic missile-firing nuclear submarine). This network scheduling technique was named the project evaluation and review technique, or PERT. The Polaris project eventually included 23 PERT networks encompassing 3,000 activities. 

Both CPM and PERT are derivatives of the Gantt chart and, as a result, are very similar. There were originally two primary differences between CPM and PERT. With CPM a single estimate for activity time was used that did not allow for any variation in activity times--activity times were treated as if they were known for certain, or "deterministic." With PERT, multiple time estimates were used for each activity that allowed for variation in activity times--activity times were treated as "probabilistic." The other difference was related to the mechanics of drawing the project network. In PERT activities were represented as arcs, or arrowed lines, between two nodes, or circles, whereas in CPM activities were represented as the nodes or circles. However, over time CPM and PERT have been effectively merged into a single technique conventionally referred to as CPM/PERT. 

The advantage of CPM/PERT over the Gantt chart is in the use of a network to depict the precedence relationships between activities. The Gantt chart does not clearly show precedence relationships, which is a disadvantage that limited its use to small projects. The CPM/PERT network is a more efficient and direct means of displaying precedence relationships. In other words, in a network it is visually easier to see the precedence relationships, which makes CPM/PERT popular with managers and other users, especially for large projects with many activities. 

The Project Network
A CPM/PERT network consists of branches and nodes, as shown in Figure 17.2. When CPM and PERT were first developed, they employed different conventions for constructing a network. With CPM the nodes, or circles in Figure 17.2, represented the project activities. The arrows in between the nodes indicated the precedence relationships between activities. For the network in Figure 17.2, activity 1, represented by node 1, precedes activity 2, and 2 precedes 3. This approach to network construction is called activity-on-node (AON). With PERT the opposite convention was taken. The branches represented the activities and the nodes in between them reflected events, or points in time such as the end of one activity and the beginning of another. In this approach, referred to as activity-on-arrow (AOA), the activities are normally identified by the node numbers at the start and end of an activity; for example, activity 1-2 precedes activity 2-3 in Figure 17.2. In this text we will employ the AOA convention. 

To demonstrate how these components are used to construct a network, we will use our example project of building a house used in the Gantt chart in Figure 17.1. The comparable CPM/PERT network for this project is shown in Figure 17.3. The precedence relationships are reflected in this network by the arrangement of the arrowed (or directed) branches in Figure 17.3. The first activity (1-2) in the project is to design the house and obtain financing. This activity must be completed before any subsequent activities can begin. Thus, activities 2-3, laying the foundation, and 2-4, ordering and receiving materials, can start only when node 2 is realized, indicating the event that activity 1-2 is finished. (Notice in Figure 17.3 that a time estimate of three months has been assigned for the completion of this activity). Activity 2-3 and activity 2-4 can occur concurrently; neither depends on the other and both depend only on the completion of activity 1-2. 

When the activities of laying the foundation (2-3) and ordering and receiving materials (2-4) are completed, then activities 4-5 and 4-6 can begin simultaneously. However, before discussing these activities further, notice activity 3-4, referred to in the network as a dummy. 

A dummy activity is inserted into the network to show a precedence relationship, but it does not represent any actual passage of time. Activities 2-3 and 2-4 have the precedence relationship shown in Figure 17.4(a). However, in a CPM/PERT network, two or more activities are not allowed to share the same starting and ending nodes. (The reason will become apparent later when we develop a schedule for the network.) Instead, activity 3-4 is inserted to give two activities separate end nodes and, thus, two separate identities as shown in Figure 17.4(b). Notice, though, that a time of zero months has been assigned to activity 3-4. The dummy activity shows that activity 2-3 must be completed prior to any activities beginning at node 4, but it does not represent the passage of time. 

Returning to the network in Figure 17.3, we see that two activities start at node 4. Activity 4-6 is the actual building of the house, and activity 4-5 is the search for and selection of the paint for the exterior and interior of the house. Activity 4-6 and activity 4-5 can begin simultaneously and take place concurrently. Following the selection of the paint (activity 4-5) and the realization of node 5, the carpet can be selected (since the carpet color depends on the paint color). This activity can also occur concurrently with the building of the house (activity 4-6). When the building is completed and the paint and carpet are selected, the house can be finished (activity 6-7). 

The Critical Path
A network path is a sequence of connected activities that runs from the start node to the end node in the network. The network in Figure 17.3 has several paths through it. In fact, close observations of this network show four paths, identified as A, B, C, and D: 
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The project cannot be completed (i.e., the house cannot be built) sooner than the time required by the longest path in the network, in terms of time. The path with the longest duration of time is referred to as the critical path. 

By summing the activity times (shown in Figure 17.3) along each of the four paths, we can compute the length of each path, as follows: 
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Because path A is the longest path, it is the critical path; thus the minimum completion time for the project is 9 months. Now let us analyze the critical path more closely. From Figure 17.5 we can see that activities 2-3 and 2-4 cannot start until 3 months have passed. It is also easy to see that activity 3-4 will not start until 5 months have passed. The start of activities 4-5 and 4-6 is dependent on two activities leading into node 4. Activity 3-4 is completed after 5 months (which we determine by adding the dummy activity time of zero to the time of 5 months until node 3 occurs), but activity 2-4 is completed at the end of 4 months. Thus, we have two possible start times for activities 4-5 and 4-6, 5 months and 4 months. However, since no activity starting at node 4 can occur until all preceding activities have been finished, the soonest node 4 can be realized is 5 months. 

Now consider the activities leading from node 4. Using the same logic as before, activity 6-7 cannot start until after 8 months (5 months at node 4 plus the 3 months required by activity 4-6) or after 7 months (5 months at node 4 plus the 2 months required by activities 4-5 and 5-6). Because all activities ending at node 6 must be completed before activity 6-7 can start, the soonest they can occur is 8 months. Adding 1 month for activity 6-7 to the time at node 6 gives a project duration of 9 months. This is the time of the longest path in the network--the critical path. 

This brief analysis demonstrates the concept of a critical path and the determination of the minimum completion time of a project. However, this was a cumbersome method for determining a critical path. Next, we discuss a mathematical approach to scheduling the project activities and determining the critical path. 

Activity Scheduling
In our analysis of the critical path, we determined the soonest time that each activity could be finished. For example, we found that the earliest time activity 4-5 could start was 5 months. This time is referred to as the earliest start time, and it is expressed symbolically as ES. 

To determine the earliest start time for every activity, we make a forward pass through the network. That is, we start at the first node and move forward through the network. The earliest start time for an activity is the maximum time in which all preceding activities have been completed--the time when the activity start node is realized. 

The earliest finish time, EF, for an activity is simply the earliest start time plus the activity time estimate. For example, if the earliest start time for activity 1-2 is at time 0, then the earliest finish time is 3 months. In general, the earliest start and finish times for an activity i-j are computed according to the following mathematical relationship (where i < j). 
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The earliest start and earliest finish times for all the activities in our project network are shown in Figure 17.6. 

The earliest start time for the first activity in the network (for which there are no predecessor activities) is always 0, or, ES12 = 0. This enables us to compute the earliest finish time for activity 1-2 as 
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The earliest start for activity 2-3 is 
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and the corresponding earliest finish time is 
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For activity 3-4 the earliest start time (ES34) is 5 months and the earliest finish time (EF34) is 5 months, and for activity 2-4 the earliest start time (ES24) is 3 months and the earliest finish time (EF24) is 4 months. 

Now consider activity 4-6, which has two predecessor activities. The earliest start time is 
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and the earliest finish time is 
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All the remaining earliest start and finish times are computed similarly. Notice in Figure 17.6 that the earliest finish time for activity 6-7, the last activity in the network, is 9 months, which is the total project duration, or critical path time. 

Companions to the earliest start and finish are the latest start and latest finish times, LS and LF. The latest start time is the latest time an activity can start without delaying the completion of the project beyond the project critical path time. For our example, the project completion time (and earliest finish time) at node 7 is 9 months. Thus, the objective of determining latest times is to see how long each 

activity can be delayed without the project exceeding 9 months. 

In general, the latest start and finish times for an activity i-j are computed according to the following formulas: 
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The term min(LSj) means the minimum latest start time for all activities leaving node j. Whereas a forward pass through the network is made to determine the earliest times, the latest times are computed using a backward pass. We start at the end of the network at node 7 and work backward, computing the latest times for each activity. Since we want to determine how long each activity in the network can be delayed without extending the project time, the latest finish time at node 7 cannot exceed the earliest finish time. Therefore, the latest finish time at node 7 is 9 months. This and all other latest times are shown in Figure 17.7. 

Starting at the end of the network, the critical path time, which is also equal to the earliest finish time of activity 6-7, is 9 months. This automatically becomes the latest finish time for activity 6-7, or 
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Using this value, the latest start time for activity 6-7 is 
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The latest finish time for activity 5-6 is the minimum of the latest start times for the activities leaving node 6. Since activity 6-7 leaves node 6, the latest finish time is 
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The latest start time for activity 5-6 is 
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For activity 4-6, the latest finish time (LF46) is 8 months, and the latest start time (LS46) is 5 months; for activity 4-5, the latest finish time (LF45) is 7 months, and the latest start time (LS45) is 6 months. 

Now consider activity 2-4, which has two activities, 4-6 and 4-5, following it. The latest finish time is computed as 
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The latest start time is 
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All the remaining latest start and latest finish times are computed similarly. Figure 17.8 includes the earliest and latest start times, and earliest and latest finish times for all activities. 

Activity Slack
The project network in Figure 17.8, with all activity start and finish times, highlights the critical path (1-2-3-4-6-7) we determined earlier by inspection. Notice that for the activities on the critical path, the earliest start times and latest start times are equal. This means that these activities on the critical path must start exactly on time and cannot be delayed at all. If the start of any activity on the critical path is delayed, then the overall project time will be increased. We now have an alternate way to determine the critical path besides simply inspecting the network. The activities on the critical path can be determined by seeing for which activities ES = LS or EF = LF. In Figure 17.8 the activities 1-2, 2-3, 3-4, 4-6 and 6-7 all have earliest start times and latest start times that are equal (and EF = LF); thus, they are on the critical path. 

For activities not on the critical path for which the earliest and latest start times (or earliest and latest finish times) are not equal, slack time exists. We introduced slack with our discussion of the Gantt chart in Figure 17.1. Slack is the amount of time an activity can be delayed without affecting the overall project duration. In effect, it is extra time available for completing an activity. 
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Highway Construction at the Minnesota Department of Transportation

Highway-related construction is a prominent area of use of project management techniques. As an example, the Minnesota Department of Transportation (MN/DOT) generally has approximately 1,100 ongoing construction projects under development at any time. These projects involve highway improvement, such as a new highway or freeway segment, a new bridge, or restoration of an existing facility, as well as projects involving airports, waterways, railroads, and so on. The highway department allows about 300 new project contracts each year.

This volume of project work requires an extensive project management organizational structure. Near the top of MN/DOT, the Office of Highway Programs Implementation coordinates project management teams located at the nine district offices in the system. Each district has between 5 and 15 project managers, each responsible for the design of several projects at one time.

An example of the use of critical path methods (CPM) at MN/DOT was for a $9.5 million flood-control project, which requires a road segment less than 1 mile in length to be raised with flood walls and new bridges to be constructed. It was critical that the project be completed prior to the winter of the second year of the project. All construction activities were networked, and a critical path was determined. Bar charts were also used as a supplement to assist visualization of critical activities. Project control and the schedule were maintained through weekly meetings of the contractors. The project was completed on time, and the use of CPM was deemed successful.



Source: Based on R. Pearson, "Project Management in the Minnesota Department of Transportation, Delivering Products: The Preconstruction Phase," The PM Network 2, no. 5 (November 1988): 7-18; G. Dirlan, "A View of Construction in MN/DOT Management," The PM Network 2, no. 5 (November 1988): 19.

Slack, S, is computed using either of the following formulas: 
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For example, the slack for activity 2-4 is 
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If the start of activity 2-4 were delayed for 1 month, the activity could still be completed by month 5 without delaying the project completion time. The slack for each activity in our example project network is shown in Figure 17.1 and Figure 17.9. Table 17.1 shows there is no slack for the activities on the critical path (marked with an asterisk); activities not on the critical path have slack. 

Notice in Figure 17.9 that either activity 4-5 can be delayed 1 month or activity 5-6 can be delayed 1 month, but they both cannot be delayed 1 month. If activity 4-5 starts at month 6 instead of 5, then it will be completed at month 7, which will not allow the start of activity 5-6 to be delayed. The opposite is also true. If 4-5 starts at month 5, activity 5-6 can be delayed 1 month. The slack on these two activities is called shared slack. This means that the sequence of activities 4-5-6 can be delayed 1 month jointly without delaying the project. 

Slack is beneficial to the project manager since it enables resources to be temporarily diverted from activities with slack and used for other activities that might be delayed for various reasons or for which the time estimate has proved to be inaccurate. 

The times for the network activities are simply estimates, for which there is usually not a lot of historical basis (since projects tend to be unique undertakings). As such, activity time estimates are subject to quite a bit of uncertainty. However, the uncertainty inherent in activity time estimates can be reflected to a certain extent by using probabilistic time estimates instead of the single, deterministic estimates we have used so far. 

Probabilistic Activity Times
In the project network for building a house in the previous section, all activity time estimates were single values. By using only a single activity time estimate, we are, in effect, assuming that activity times are known with certainty (i.e., they are deterministic). For example, in Figure 17.3, the time estimate for activity 2-3 (laying the foundation) is 2 months. Since only this one value is given, we must assume that the activity time does not vary (or varies very little) from 2 months. It is rare that activity time estimates can be made with certainty. Project activities are likely to be unique. There is little historical evidence that can be used as a basis to predict activity times. Recall that one of the primary differences between CPM and PERT is that PERT uses probabilistic activity times. 

Probabilistic Time Estimates
In the PERT-type approach to estimating activity times, three time estimates for each activity are determined, which enables us to estimate the mean and variance of a beta distribution of the activity times. 

We assume that the activity times can be described by a beta distribution for several reasons. The beta distribution mean and variance can be approximated with three time estimates. Also, the beta distribution is continuous, but it has no predetermined shape (such as the bell shape of the normal curve). It will take on the shape indicated--that is, be skewed--by the time estimates given. This is beneficial, since typically we have no prior knowledge of the shapes of the distributions of activity times in a unique project network. Although other types of distributions have been shown to be no more or less accurate than the beta, it has become traditional to use the beta distribution to estimate probabilistic activity times.

PRIVATE
THE COMPETITIVE EDGE

Repair Project Management at Sasol

Sasol is a leading South African company that converts coal to oil and chemicals. On March 8, 1994, a fire broke out in a regeneration column (e.g., chimney/ smokestack) used to process hydrogen in the Benfield Unit at Sasol Three, one of Sasol's factories. The column is 70m (231 feet) high, and the fire caused it to buckle in the middle so that it tilted to one side. Without the column, a large section of the factory could not function, resulting in a substantial loss of income. It was imperative that the Benfield column be repaired as soon as possible, which required the damaged portion of the column shell to be cut out and replaced. A goal was immediately established to have the column back in service within 47 days.

Sustech, a subsidiary of Sasol's, was assigned the repair project. A project team was put together consisting of 27 members including 4 process engineers, 6 mechanical engineers, a pressure vessel specialist, a metallurgist, a welding engineer, a pipe stress engineer, a piping draftsman, a mechanical draftsman, a structural engineer and draftsman, 3 quality assurance inspectors, and commercial contract and procurement officers. Team members came not only from Sasol but also from the original column fabricators, Chicago Bridge and Iron Works, and various equipment and material suppliers.

The scope statement was brief--repair the Benfield column as soon as possible. First a work breakdown structure was developed. This was accomplished at open brainstorming meetings with all interested parties and team members present. Each topic identified was written on an adhesive note and attached to a huge white board. A project schedule was established using Microsoft Project for Windows. Special attention was focused on critical path activities. Team members responsible for critical path activities received voluntary help from all other members of the team. Quality control was strictly enforced. Not only would this result in a safe and durable new column; it would negate the need to rework poor quality work that might delay the project.

The repair project was completed in just 25 days--22 days ahead of schedule. The initial project budget was $85.28 million and the final cost was $63.74 million, a savings of 25 percent of the total estimated project cost. Keys to project success were a simple plan with good communication and leadership, and a motivated workforce. The Benfield column repair project was named the 1995 International Project of the Year by the Project Management Institute.



Source: I. Boggon, "The Benfield Column Repair Project," PM Network 10, no. 2 (February 1996): 25-30.

The three time estimates for each activity are the most likely time (m), the optimistic time (a), and the pessimistic time (b). The most likely time is a subjective estimate of the activity time that would most frequently occur if the activity were repeated many times. The optimistic time is the shortest possible time to complete the activity if everything went right. The pessimistic time is the longest possible time to complete the activity assuming everything went wrong. The person most familiar with an activity or the project manager makes these "subjective" estimates to the best of his or her knowledge and ability. 

These three time estimates are used to estimate the mean and variance of a beta distribution, as follows: 
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These formulas provide a reasonable estimate of the mean and variance of the beta distribution, a distribution that is continuous and can take on various shapes, or exhibit skewness.

Figure 17.10 illustrates the general form of beta distributions for different relative values of a, m, and b. 

PRIVATE
EXAMPLE
17.1
A Project Network with Probabilistic Time Estimates

The Southern Textile Company has decided to install a new computerized order-processing system. In the past, orders were processed manually, which contributed to delays in delivery orders and resulted in lost sales. The new system will improve the quality of the service the company provides. The company wants to develop a project network for the installation of the new system.


The network for the installation of the new order-processing system is shown in the accompanying figure. The network begins with three concurrent activities: The new computer equipment is installed (activity 1-2); the computerized order-processing system is developed (activity 1-3); and people are recruited to operate the system (activity 1-4). Once people are hired, they are trained for the job (activity 4-5), and other personnel in the company, such as marketing, accounting, and production personnel, are introduced to the new system (activity 4-8). Once the system is developed (activity 1-3) it is tested manually to make sure that it is logical (activity 3-5). Following activity 1-2, the new equipment is tested, any necessary modifications are made (activity 2-6), and the newly trained personnel begin training on the computerized system (activity 5-7). Also, event 5 begins the testing of the system on the computer to check for errors (activity 5-8). The final activities include a trial run and changeover to the system (activity 7-9), and final debugging of the computer system (activity 6-9).

The three time estimates, the mean, and the variance for all the activities in the network as shown in the figure are provided in the table below.


SOLUTION: 

As an example of the computation of the individual activity mean times and variance, consider activity 1-2. The three time estimates (a = 6, m = 8, b = 10) are substituted in the formulas below.


The other values for the mean and variance are computed similarly.

Once the mean times have been computed for each activity, we can determine the critical path the same way we did in the deterministic time network, except that we use the expected activity times, t. Recall that in the home building project network, we identified the critical path as the one containing those activities with zero slack. This requires the determination of earliest and latest start and finish times for each activity, as shown in the following table and figures below.



From the table, we can see that the critical path encompasses activities 1-3-5-7-9, since these activities have no available slack. We can also see that the expected project completion time (tp) is the same as the earliest or latest finish for activity 7-9, or tp = 25 weeks. To determine the project variance, we sum the variances for those activities on the critical path. Using the variances shown in the table for the critical path activities, the total project variance can be computed as shown below.
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CPM/PERT Network Analysis with POM for Windows
POM for Windows will provide the same scheduling analysis that we computed in Example 17.1. The POM for Windows solution screen for Example 17.1 is shown in Exhibit 17.1 with earliest start and latest finish times and slack for each activity. Notice that instead of activity variances the computer output provides activity standard deviations (i.e., s instead of s2). 

Probabilistic Network Analysis
The CPM/PERT method assumes that the activity times are statistically independent, which allows us to sum the individual expected activity times and variances to get an expected project time and variance. It is further assumed that the network mean and variance are normally distributed. This assumption is based on the central limit theorem of probability, which for CPM/PERT analysis and our purposes states that if the number of activities is large enough and the activities are statistically independent, then the sum of the means of the activities along the critical path will approach the mean of a normal distribution. For the small examples in this chapter, it is questionable whether there are sufficient activities to guarantee that the mean project completion time and variance are normally distributed. Although it has become conventional in CPM/PERT analysis to employ probability analysis using the normal distribution regardless of the network size, the prudent user should bear this limitation in mind. 

Probabilistic analysis of a CPM/PERT network is the determination of the probability that the project will be completed within a certain time period given the mean and variance of a normally distributed project completion time. This is illustrated in Figure 17.11. The value Z is computed using the following formula: 
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This value of Z is then used to find the corresponding probability in Table A.1 (Appendix A). 

PRIVATE
EXAMPLE
17.2
Probabilistic Analysis of the Project Network

The Southern Textile Company in Example 17.1 has told its customers that the new order-processing system will be operational in 30 weeks. What is the probability that the system will be ready by that time?

SOLUTION: 

The probability that the project will be completed within 30 weeks is shown as the shaded area in the accompanying figure. To compute the Z value for a time of 30 weeks, we must first compute the standard deviation (s) from the variance (s2).


Next we substitute this value for the standard deviation along with the value for the mean, 25 weeks, and our proposed project completion time, 30 weeks, into the following formula:


A Z value of 1.91 corresponds to a probability of 0.4719 in Table A.1 in Appendix A. This means that there is a 0.9719 probability of completing the project in 30 weeks or less (adding the probability of the area to the left of m = 25, or .5000 to .4719).
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PRIVATE
EXAMPLE
17.3
Probabilistic Analysis of the Project Network

A customer of the Southern Textile Company has become frustrated with delayed orders and told the company that if the new ordering system is not working within 22 weeks, it will not do any more business with the textile company. What is the probability the order-processing system will be operational within 22 weeks?

SOLUTION: 

The probability that the project will be completed within 22 weeks is shown as the shaded area in the accompanying figure.


The probability of the project's being completed within 22 weeks is computed as follows:


A Z value of -1.14 corresponds to a probability of 0.3729 in the normal table in Appendix A. Thus, there is only a 0.1271 (i.e., 0.5000 - 0.3729) probability that the system will be operational in 22 weeks.
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Project Crashing and Time-Cost Trade-Off
The project manager is frequently confronted with having to reduce the scheduled completion time of a project to meet a deadline. In other words, the manager must finish the project sooner than indicated by the CPM/PERT network analysis. Project duration can often be reduced by assigning more labor to project activities, in the form of overtime, and by assigning more resources (material, equipment, and so on). However, additional labor and resources increase the project cost. Thus, the decision to reduce the project duration must be based on an analysis of the trade-off between time and cost. Project crashing is a method for shortening the project duration by reducing the time of one (or more) of the critical project activities to less than its normal activity time. This reduction in the normal activity time is referred to as crashing. Crashing is achieved by devoting more resources, usually measured in terms of dollars, to the activities to be crashed. 

Project Crashing
To demonstrate how project crashing works, we will employ the CPM/PERT network for constructing a house in Figure 17.3. This network is repeated in Figure 17.12, except that the activity times previously shown as months have been converted to weeks. Although this sample network encompasses only single-activity time estimates, the project crashing procedure can be applied in the same manner to PERT networks with probabilistic activity time estimates. 

We will assume that the times (in weeks) shown on the network activities are the normal activity times. For example, 12 weeks are normally required to complete activity 1-2. Further, we will assume that the cost required to complete this activity in the time indicated is $3,000. This cost is referred to as the normal activity cost. Next, we will assume that the building contractor has estimated that activity 1-2 can be completed in 7 weeks, but it will cost $5,000 instead of $3,000 to complete the activity. This new estimated activity time is known as the crash time, and the cost to achieve the crash time is referred to as the crash cost. 

Activity 1-2 can be crashed a total of 5 weeks (normal time - crash time = 12-7 = 5 weeks) at a total crash cost of $2,000 (crash cost - normal cost = $5,000-3,000 = $2,000). Dividing the total crash cost by the total allowable crash time yields the crash cost per week: 
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If we assume that the relationship between crash cost and crash time is linear, then activity 1-2 can be crashed by any amount of time (not exceeding the maximum allowable crash time) at a rate of $400 per week. For example, if the contractor decided to crash activity 1-2 by only 2 weeks (reducing activity time to 10 weeks), the crash cost would be $800 ($400 per week ¥ 2 weeks). The linear relationships between crash cost and crash time and between normal cost and normal time are illustrated in Figure 17.13. 

The objective of project crashing is to reduce project duration while minimizing the cost of crashing. Since the project completion time can be shortened only by crashing activities on the critical path, it may turn out that not all activities have to be crashed. However, as activities are crashed, the critical path may change, requiring crashing of previously noncritical activities to reduce the project completion time even further. 

PRIVATE
EXAMPLE
17.4
Project Crashing

Recall that the critical path for the house building network in Figure 17.12 encompassed activities 1-2-3-4-6-7 and the project duration was 9 months, or 36 weeks. Suppose the home builder needed the house in 30 weeks and wanted to know how much extra cost would be incurred to complete the house by this time.

The normal times and costs, the crash times and costs, the total allowable crash times, and the crash cost per week for each activity in the network in Figure 17.12 are summarized in the table below.


SOLUTION: 

We start by looking at the critical path and seeing which activity has the minimum crash cost per week. Observing the preceding table and the following figure, we see activity 1-2 has the minimum crash cost of $400 (excluding the dummy activity 3-4, which cannot be reduced). Activity 1-2 will be reduced as much as possible. The table shows that the maximum allowable reduction for activity 1-2 is 5 weeks, but we can reduce activity 1-2 only to the point where another path becomes critical. When two paths simultaneously become critical, activities on both must be reduced by the same amount. If we reduce the activity time beyond the point where another path becomes critical, we may be incurring an unnecessary cost. This last stipulation means that we must keep up with all the network paths as we reduce individual activities, a condition that makes manual crashing very cumbersome. For that reason we will rely on the computer for project crashing; however, for the moment we pursue this example in order to demonstrate the logic of project crashing.


It turns out that activity 1-2 can be crashed by the total amount of 5 weeks without another path becoming critical, since activity 1-2 is included in all four paths in the network. Crashing this activity results in a revised project duration of 31 weeks at a crashing cost of $2,000. The revised network is shown in the following figure.


Since we have not reached our crashing goal of 30 weeks, we must continue and the process is repeated. The critical path in the preceding figure remains the same, and the minimum activity crash cost on the critical path is $500 for activity 2-3. Activity 2-3 can be crashed a total of 3 weeks, but since the contractor desires to crash the network only to 30 weeks, we need to crash activity 2-3 by only 1 week. Crashing activity 2-3 by 1 week does not result in any other path becoming critical, so we can safely make this reduction. Crashing activity 2-3 to 7 weeks (i.e., a 1-week reduction) costs $500 and reduces the project duration to 30 weeks.

The total cost of crashing the project to 30 weeks is $2,500. The contractor could inform the customer that an additional cost of only $2,500 would be incurred to finish the house in 30 weeks.

Suppose we wanted to continue to crash this network, reducing the project duration down to the minimum time possible; that is, crashing the network the maximum amount possible. We can determine how much the network can be crashed by crashing each activity the maximum amount possible and then determining the critical path of this completely crashed network. For example, activity 1-2 is 7 weeks, activity 2-3 is 5 weeks, 2-4 is 3 weeks, and so on. The critical path of this totally crashed network is 1-2-3-4-6-7 with a project duration of 24 weeks. This is the least amount of time the project can be completed in. If we crashed all the activities by their maximum amount, the total crashing cost is $35,700, computed by subtracting the total normal cost of $75,000 from the total crash cost of $110,700 in the preceding table. However, if we followed the crashing procedure outlined in this example, the network can be crashed to 24 weeks at a cost of $31,500, a savings of $4,000.
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Project Crashing with POM for Windows
The manual procedure for crashing a network is cumbersome. It is basically a trial-and-error approach useful for demonstrating the logic of crashing. It quickly becomes unmanageable for larger networks. This approach would have become difficult if we had pursued even the house building example to a crash time greater than 30 weeks, with more than one path becoming critical. 

When more than one path becomes critical, all critical paths must be reduced by an equal amount. Since the possibility exists that an additional path might become critical each time the network is reduced by even one unit of time (e.g., 1 week, month), this means that a reduction of one time unit is the maximum amount that can be considered at each crashing step. Exhibit 17.2 shows the POM for Windows solution screen for crashing the house building network in Example 17.4 the maximum amount possible to a minimum project duration of 24 weeks. 

The General Relationship of Time and Cost
In our discussion of project crashing, we demonstrated how the project critical path time could be reduced by increasing expenditures for labor and other direct resources. The objective of crashing was to reduce the scheduled completion time to reap the results of the project sooner. However, there may be other reasons for reducing project time. As projects continue over time, they consume indirect costs, including the cost of facilities, equipment, and machinery, interest on investment, utilities, labor, personnel costs, and the loss of skills and labor from members of the project team who are not working at their regular jobs. There also may be direct financial penalties for not completing a project on time. For example, many construction contracts and government contracts have penalty clauses for exceeding the project completion date. 

In general, project crashing costs and indirect costs have an inverse relationship; crashing costs are highest when the project is shortened, whereas indirect costs increase as the project duration increases. This time-cost relationship is illustrated in Figure 17.14. The best, or optimal, project time is at the minimum point on the total cost curve. 

