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Abstract 
Changes are inevitable in one-of-a-kind production where the uncertainty is typically high. 
However, changes have to be implemented in a way that does not change the delivery date of 
the product which is firmly fixed by the contract. This makes change management a critical 
area in one-of-a-kind production. This paper presents how a project planning tool can help a 
project planner to clarify and evaluate the impact of a change and to replan the remainder of 
the project. The planner can interactively try alternative corrective actions, compute the re
sulting schedules and their total costs. 
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1 INTRODUCTION 

A company that sells process plants, power plants, harbors, ships or large buildings is seldom 
able to deliver two similar products. Each of them is one-of-a-kind: it has different functional 
requirements, different constraints, and different priorities. In practice, one-of-a-kind produc
tion is project oriented. Each project consists of several phases of a different nature: engineer
ing, procurement, manufacturing, transportation, installation and start-up. 

The uncertainty is typically much higher in one-of-a-kind production than in volume pro
duction for many reasons: the strong influence of the customer on the product specification, 
the open environment and long duration of a project (Kuhlmann, 1991 and Nielsen, 1992). 

In spite of the high uncertainty, deliveries in one-of-a-kind production are typically based 
on firm fixed price contracts. The delivery date of the product is fixed and enforced with high 
tardiness penalties. Furthermore, the contractor is typically interested in maintaining or de-
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veloping its reputation as timely supplier. In practice, this leads to a situation where it is al
most impossible for the contractor to let a project slip from its delivery date. 

The high uncertainty means that there will inevitably be changes during a project. 
However, because the contract fixes the time frame in which the project can operate, there is a 
need for good ways to manage changes and replan the project in a way that leaves its delivery 
date untouched. A study documented in (Burati, 1992) suggests that the average costs of 
changes in construction projects exceed 10% of the total costs of a project. 

The importance of change management is generally recognized. For instance, Kimmons 
(1990) notes that "a successful project manager sees a large part of his job as the control of 
changes". However, many tools do not support efficient change management and partly for 
that reason for instance schedules are not kept current if changes happen. This means that 
they can not fully serve as the basis of operations management. 

We have studied change management methods in PROOMU-project* where a software 
prototype for change management has been developed as a part of Process Plant Project 
Manager (3PM) (Torma, 1995). 3PM supports a project planner in the evaluation of the 
impact of a change and allows him to incrementally revise the project plan. Multiple plan 
revision alternatives based on different selections of corrective actions can be explored in a 
flexible way and their total profits can be computed. The project planner can clarify the 
influences of corrective actions before committing to them. In addition, the total (planned) 
costs of a change can be defined. After a commitment is made the affected project parties can 
be informed about the changes. Furthermore, the system maintains a database of changes to 
support later analyses and thus the continuous improvement of project management practices 
(Karvonen, 1995). 

Change management in scheduling systems has been studied under the name reactive 
scheduling. A good example is OPIS scheduling system (Smith, 1994). However, the problem 
area is broader in one-of-a-kind production where the changes to the product or the docu
ments create the biggest problems. We do not provided automated replanning but an interac
tive tool that supports the project planner in clarification of the impacts of a change, replan
ning, estimation of the costs and informing about the changes. 

2. PLANS AND CHANGES 

2.1 Project plan 

A project plan is a detailed formulation of program of action to achieve the goal of the pro
ject. A project plan defines the activities to be executed, their durations and resources, and 
their budgets. 

In a project delivery the goal is to create a physical product within the time and budget 
constraints. Consequently most of the activities concern the creation of the product or its de
sign documents (figure 1). 

* PROOMU ("Project change management") belongs to the ProDeal technology program of FIMET and TEKES 

in Finland. 
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A project plan should be complete with respect to the product. This means that the final 
state of each part should be achieved with an unbroken sequence of activities starting from its 
initial state within the project. The initial and final states of parts can be defined in a straight
forward manner. See (Torma, 1995) for details. 

A project plan should be non-superfluous in its relation to the product: each of the activi
ties in the project plan must contribute to the achievement of the final state of some of the 
parts. 

A plan is accurate with respect to the product if all the parameters of activities (durations, 
budget values, etc.) are correct when derived from the product description. 

Activity network 

D 
Makec1 Install c1 

Figure 1 An example of a simple product C and its design document D and the correspond
ing activity network. 

A plan must also be feasible in order to be viable as operational guidance (Smith, 1994). A 
feasible plan satisfies all the different constraints in the domain dealing, for example, with the 
capacities of resources and the availability of other required physical entities (such as parts) 
when activities start. 

We call the plan of a project delivery current if it is feasible, and complete, non
superfluous, and accurate with respect to the product. The goal of change management is to 
keep the project plan current. 

When a project plan is created, many assumptions are made about the structure of the 
product, durations of activities, the availability of resources, timely opening of activities, 
timely operation of suppliers, sufficient quality of work, etc. The probability that these as
sumptions will hold is lower in one-of-a-kind production than in volume production. The pre
dictability is decreased by the amount of unique aspects present in each project: product de
sign, site location and conditions, subcontractors, etc. In addition, the problems of insufficient 
or contradictory information are bigger in one-of-a-kind production due to the number and 
novelty of parties involved in a project. 

2.2 Change requests 

Any of the assumptions of a plan may fail and if the failing is large enough the plans that 
were based on it have to be changed. Typical change types are described below. 

• A design change may originate from vague or inconsistent technical specification that can 
be interpreted in different ways. The customer is typically inclined to broader interpreta
tion of the scope than the contractor. Moreover, it is quite possible that a customer wants 
to change his mind with regard to some technical aspect of the project. Design changes can 
be critical if they concern approved specifications that have already been sent to subcon
tractors or to manufacturing. Changes of this kind may cause major controllability prob-
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!ems during a project and result in many non-value adding activities that decrease the 
profit of the contract. Examples of non-value adding activities are redesign, remanufactur
ing and reinstallation of components. 

• A quality problem means that some part of the product is unacceptable and can not be in
cluded into the final product as such. Either a new part must be acquired or the faulty part 
must be modified. Quality problems may lead to costly rework and difficult schedule 
problems especially if the rejected part is critical with respect to the schedule. 

• Operational changes may arise from late deliveries or unavailable capacity (machine 
breakdown or sick-leaves of employees). Operational changes can usually be accommo
dated with schedule modifications. If there is not sufficient flexibility in schedules, scope 
changes must be considered. 

The party that is source of a change is typically also responsible for the costs of implement
ing the change order. It can be any party: the customer, own company or some subcontractor. 
However, the project manager is typically responsible of the replanning and he makes the de
cisions about the actions that are required to implement the change. 

The timing of a change has a strong influence on its impact. The later a (necessary) 
change is requested, the more costly and difficult it is to correct (Kimmons, 1990). In later 
phases much work may have been done that turns out to be useless (it has to be done again) or 
even harmful (the effects of the work have to be undone before the rework can be done). 

2.3 Effects of changes 

From the project management perspective changes have two kinds of consequences: schedule 
effects and cost effects. 

Schedule effects can be either internal or external. Internal changes leave the delivery 
dates of the project untouched. They are not fatal but still undesirable for two reasons. If ac
tivities have to be moved later the risks of a schedule naturally increase because there will be 
less slack to correct subsequent changes. Second, it would be necessary to inform the re
sources whose schedules have changed. 

An external schedule change means that the delivery of a project will be late. This can be 
very costly in fixed price project deliveries and should be avoided. There are often ways to ar
range the corrective actions so that project can be completed in schedule. An example is fast 
subcontracting. However, this kind of corrective actions can be costly. 

Because changes in project deliveries are mostly done in a way that preserves the delivery 
date of the project, their impact can usually be evaluated from their costs alone. 

Cost effects of changes are often evaluated in an ad hoc manner. For instance, in the anal
ysis in Burati (1992) only direct costs incurred from rework were included because total costs 
were not generally available. In multiproject environment some costs of a change may also be 
hidden because the fire-fighting actions to solve some problem may disturb the schedule of 
another project and cause additional costs for it. 

The ability to compute the estimate of the total costs of a change is important both for the 
internal development work where the economic importance of the changes can be better un
derstood and also for the negotiations of compensations when the source of the change is out
side of the own company. 
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3 CHANGE MANAGEMENT FUNCTIONALITY OF 3PM 

Process Plant Project Manager (3PM) is a special purpose project management system whose 
basic implementation was developed in MUSYK-project*. The main idea in 3PM is to inte
grate the scope, schedule and cost management in process plant projects. 

3PM maintains a rich object-oriented model of the entities that are relevant for the man
agement of a project delivery. In addition to the activities and resources it also contains a rep
resentation of the different objects manipulated in a project: parts, documents, purchases and 
shipments. This allows many product oriented activities (such as procurement and transporta
tion) to be added to the activity network of a project and managed with the normal schedule 
and cost control methods (Torma and Syrjanen, 1995). 

With 3PM the project planner can interactively replan a project after a change to restore 
the feasibility of the plan and to ensure that the goals of the project will be met despite the 
change. The planner can clarify the impact of the change and explore alternative ways to cor
rect the situation. The result is an incremental modification of the existing plan. 

Change Evaluate 
request-- the impact 

of the 
change 

AOI 

i i 
Project 3PM 

planner 

influences 

Modify 
plan 

A02 

i i 
Project 3pM 
planner 

Figure 2 The change management process. 
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The goal of 3PM is to shorten the change processing time so that work that would turn out to 
be useless or even harmful because of changes can be discontinued as soon as possible. The 
reduction in processing time is caused by interactive planning capabilities of 3PM and by 
fixed and agreed on procedures that are obeyed in replanning. 

Figure 2 shows the change management process that is carried out when a change occurs 
during the execution of a project. The first step is to evaluate the influences of the change. 
These influences may concern other objects (e.g., when a technical document changes, the 
parts or systems that it describes will also potentially change) or activities of the objects. 

A project planner iteratively modifies the plan until an acceptable solution has been found. 

* MUSYK (Integrated Multi-level Planning and Control Sxstem for One-of-a-Kind Production) is the project 
number 6391 in ESPRIT III program. 
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The project manager accepts the new plan and the resources that are responsible for the 
changed activities are informed about the change. 

3.1 Events 

3PM receives messages from outside containing progress information about activities and 
objects, and requests to change the model. The progress information contains actual values of 
time-points (start or end times of activities) and information that some state of an object has 
been reached. This information may come from the user interface or from some other system 
(e.g., from a document management system). 

A message is interpreted which means that the model is updated with its information. It 
may additionally result in the creation of an event which - in the terminology of 3PM - de
scribe a failed assumption. 

The events are divided into the following groups: 

• Object change a document or part is added, removed or modified 

• Object state change 
- Design change: 
- Lost object: 
- Quality deviation: 

• Activity change 

• Time-point change 

• Resource change 

document that was in state 'in-use' is moved to state 'draft' 
object that was in state 'created' tum out to be only 'designed' 
'created' object is moved into state 'faulty-created' 

the resources or the duration of an activity change 

activity is started or completed before or after its scheduled time 

capacity reserved for an activity is not available 

A change does not necessarily mean a conflict. It may also be an extension or reduction of the 
product description or to the activity network. However, it potentially results in the need of 
corrective actions. 

3.2 Evaluation of impact 

Changes are unique by their nature. It is impossible to determine the exact effects of a change 
automatically, at least not without an extensively detailed model of the domain. For this rea
son the responsibility for the evaluation of the impact of a change is left to a project planner. 
3PM supports the planner in this task by keeping a register of the impact that has already been 
made and by visualizing the of the foreseeable effects that has to be checked or replanned by 
the project planner. There are two kinds of foreseeable effects: 

• Possible foreseeable effects: things that may still be affected 
• Necessary foreseeable effects: things that will necessarily be affected 

The project planner must find out the real effects of a change from the set of possible effects. 
The evaluation of the impact of a change proceeds in an alternating fashion with the 

modification actions. Many additional effects may be produced by planning decisions. E.g., 
the necessary effect of a change may be that some activity can start earliest at time point tl 
that is later than its original schedule. However, due to the lack of capacity the activity is 
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scheduled to start at time-point t2 that is later than tl. This will cause a larger impact on the 
succeeding activities. (The decision can either be made by the human planner, or an automatic 
planning or scheduling system.) 

The computation of possibly effected entities (parts, documents, activities, resources) is 
based on their structural relationships. For example, a document has a link to the parts and 
other documents that use its information. The objects in the transitive closure of this 
relationship belong to the set of possibly effected objects if the contents of the document 
changes. 

The objects are linked to activities through states. When an object changes, its activities 
are in the set of possibly affected objects. 

The precedence constraints between activities can also be used to define the effects of a 
change in schedule. All activities linked through precedence constraint are possibly in the set 
of affected activities. The necessary changes can be determined with the computation of the 
time-bounds using the precedence constraints. 

3.3 Modification actions 

Events are processed and their impacts evaluated. The project planner uses the information 
about the impact of a change to try out different modification actions. The planner can inter
actively build alternative scenarios of how to solve the problems caused by the change. 

The different type of events are processed in the following way: 

• object change: 

• object state change: 

• time-point change: 

• resource change: 

planning 

planning 

scheduling, planning 

scheduling, planning 

Planning leads always also to scheduling. Planning means that activities are created, removed 
or their parameters are modified. In principle, planning can be done manually or automati
cally. (The automatic planning functionality of 3PM is under development). 

Scheduling means that the resources and time-bounds of an activity are determined. If 
changes are too large, scheduling may not yield a satisfying result and activities have to be 
replanned. If that is not sufficient one possibility is to try a design change that would produce 
a product that is significantly faster to create. 

3.4 Example 

Figure 3 contains a simple example of how replanning proceeds when a design change is 
made to a product. The product C consists of two parts: c 1 and c2. C as a whole is specified 
in the design document D. (The "product structure" is shown in the left side of the figure and 
the corresponding activity network at the right side of it). 

In a point when both components c1 and c2 have been manufactured, a request for design 
change comes. (The bar shows the current time-point; all activities to the left of it have been 
executed). This means that the state of D is changed earlier and consequently a new activity is 
required in order to fill the gap between that state and the previous state of D. 



326 

1. Original design 

0 C 

n 
c1 c2 

2. A design change 
to C 

3. New design 

0 C 

~m 
c1 c3 c2 

Part Seven One-of-a-kind Production 

Figure 3 A simple example of replanning a design change. 

The activities of D are replanned which leads to new version of the activity network. This 
version contains a rework activity "Rew D" where a new revision of D is produced. This ac
tivity has precedence constraints to all activities concerning the parts that D specifies. The ef
fects of this change can be visualized. 

The redesign leads to a new change request: the product structure has to been modified by 
adding part c3 and modifying part cl (i.e., changing its state). The activities of both parts are 
replanned. As the result a rework activity for c1 is created as well as the manufacturing and 
installation activities for c3. 

4 IMPLEMENTATION 

This section describes the background mechanisms that contribute to the change management 
functionality of 3PM. 

Much of the change management functionality is based on the rich domain model that 
3PM uses. The underlying database contains information about products and related projects, 
activities belonging to projects and internal and external resources that are used by the pro
jects. 3PM can use the relationships between objects to determine possibly affected entities, 
persons that should be informed about changes, etc. 

A person is a subclass of a resource and the fact that a person is allocated to an activity is 
represented as normal resource reservation of an activity. When 3PM finds out that an activity 
is likely to replanned, those resources that are able receive messages (persons or companies) 
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can be found out and a message can be sent to them to discontinue the work until a new plan 
has been made. 

4.1 History maintenance 

3PM has a history mechanism that makes it possible to maintain several different states for 
each object in the system. This mechanism is orthogonal with respect to the conceptual model 
of the system in a sense that all attributes of all object may have evolving values. 

The history mechanism is based on an undo/redo mechanism described in Berlage (1993). 
Each time that user makes an operation that changes the state of a project a new context will 
be created. New values of each changed slot of each object are stored into the new context. 

The history mechanism can support the undo and redo operations in the user interface. In 
any time user is able to cancel his or her operations or redo a canceled operation. The history 
may have multiple alternative branches. This can be used to support the what-if analyses in 
the system. User can create the project plan based on some set of decisions and then back up 
to the starting context and make an alternative scenario based on some new decisions. 

The history mechanism can be used in change situations to support the evaluation of dif
ferent ways to replan the remainder of the project. Alternative resourcing (such as using a 
subcontractor) may be considered. For each of the alternatives it is possible to define the final 
profit of the project after the new plan has been made. The difference of this profit when 
compared with the profit of the original plan can serve as the estimate of the costs of the 
change. 

4.2 Visualization 

The interactive support in the evaluation of the impacts of a change is based on the 
visualization capabilities of the user interface of 3PM. It has a large set of different views 
through which objects can be inspected: general trees and directed graphs, attribute inspector, 
activity network visualization, gantt diagram, three dimensional figure of a product, etc. 

The history maintenance mechanism can be used to provide information about changes by 
(1) highlighting the affected activities in the gantt diagram of a project and (2) providing the 
possibility for the user to compare the new plan with the previous version. 

5 DISCUSSION 

3PM is a tool with which the project planner can interactively replan a project after a change 
to restore the feasibility of the plan and to ensure that the goals of the project will be met de
spite the change. The planner can clarify the impact of the change and explore alternative 
ways to correct the situation. The result is an incremental modification of the existing plan. 

The goal of 3PM is to shorten the change processing time so that work that would turn out 
to be useless or even harmful because of changes can be discontinued as soon as possible. 
The reduction in processing time is caused by interactive planning capabilities of 3PM and by 
fixed and agreed on procedures that are obeyed in replanning. 

First prototype of the change management functionality of 3PM has been built. The func
tionality of 3PM is being tested based on a model of a recaustization plant delivery project. 
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