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ABSTRACT 

A zero-one integer linear programming model is proposed for selecting and 

scheduling an optimal project portfolio, based on the organization's objectives, and 

constraints such as resource limitations and interdependence among projects. The major 

contribution of the paper is that the proposed model not only suggests projects that should 

be incorporated in the optimal portfolio, but it also determines the starting period for each 

project. Scheduling considerations can have a major impact on the combination of projects 

that can be incorporated in the portfolio, and may allow the addition of certain projects to 

the portfolio that could not have been selected otherwise. Moreover, the model handles 

situations that frequently happen in real world applications, in which the amount of 

available and consumed resources varies in different periods. An example problem is 

described and solved with the proposed model to illustrate the approach, and some areas 

for future research are discussed. 
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1. Introduction 

Selecting projects to develop from the many projects that are usually possible, or 

''project portfolio selection" is a crucial decision in many organizations, where serious 

effort are made to estimate, evaluate, and choose optimal sets of projects (Dos Santos, 

1989). Some of the criteria that have to be addressed in the process 9f project portfolio 

selection are the organization's objectives and priorities, financial benefits, intangible 

benefits, availability of resources, and risk level of the project portfolio (Schniederjans and 

Santhanam, 1993). Difficulties associated with project portfolio selection result from 

several factors, as noted below. 

1. There are multiple and often conflicting objectives (or criteria) associated with the 

selection of projects to include in a project portfolio. Even when all objectives have been 

identified, one still has the problem associated with determining the trade-offs among the 

various criteria. For example, are economic objectives more important than political 

objectives, and if so, how much more important? 

2. Some of the objectives are qualitative, as opposed to quantitative, in nature. For 

example, enhancing the image of the organization or promoting national pride through 

performing ambitious projects are qualitative objectives. Integrating qualitative and 

quantitative objectives for such projects is difficult. 

3. There is a large amount of uncertainty associated with the scoring of individual projects 

on a specific criterion. For example, the net present value (NPV) of a new product that is 

under development can be highly uncertain. Moreover, there are certain risks, such as 

technical and market risk, that should be addressed during project portfolio selection. 

4. Some projects in particular portfolios may be highly interdependent in nature. For 

example, an Executive Information System (EIS) may require the completion of one or 

more precursor projects, such as upgrades or installation of certain transaction processing 

applications (TPS), each of which could have benefits in its own right. Mutually exclusive 
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projects (a set of projects among which only one can be selected), is another example of 

interdependence among projects that should be addressed. 

s. In addition to the difficulties associated with portfolio objectives, due to resource 

limitations there are usually constraints such as finance, work force, and machines, to be 

considered in the decision making process. As some researchers h�ve noted, a major 

reason why some projects are selected but not completed is that resource limitations are 

not always formally included in the project portfolio selection process. Therefore, in cases 

where resource limitations are at fault for a failed project, a selection model that 

incorporates resource limitations may aid the decision maker in avoiding such mistakes 

(Schniederjans and Santhanam, 1993). Project portfolio selection becomes more difficult 

when resource availability and consumption are not uniform over time. 

6. The selected portfolio may need to be balanced in terms of factors, such as risk and 

time to completion, that are of importance to decision makers. For example, although 

high-risk projects often have greater expected benefits one should be careful about putting 

too many resources into high-risk projects. 

7. The number of feasible portfolios is often enormous. For example, if there were 20 
candidate projects for a time frame of five periods, the number of combinations (project 

portfolios) that could be considered is 2100, assuming a go/no go decision for each project 

in each period. 

In an attempt to overcome these difficulties, in this paper we will propose an 

optimization model for selecting and scheduling an optimal project portfolio. Following 

this, an example problem is described and solved to illustrate the approach, and finally 

some areas for future research are discussed. 
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2. A zero-one ILP model for project portfolio selection and scheduling 

In order to select and schedule a project portfolio we have adopted an 

optimization approach. The approach in this paper considers the entire feasible solution 

space and finds a portfolio that maximizes the overall objectives of the organization while 

satisfying constraints, such as resource limitations and interdependen� among projects. 

The zero-one linear programming model is appropriate since projects are either selected or 

not selected. 

As project portfolio selection is usually a multi-objective problem involving 

optimization of benefits in several categories under certain constraints, one approach to 

solving this problem is using zero-one Multiple Criteria Decision Making (0-1 MCDM) 

techniques (For a comprehensive review of0-1 MCDM techniques see Rasmussen, 1986). 

However, due to the problems and difficulties associated with pure multiple criteria 

problems (Evans, 1984 and Rasmussen, 1986) we adopted the zero-one integer 

programming approach for formulating and solving the problem. In the proposed 

approach, when there is more than one objective involved in decision making, the multiple 

objectives are first integrated by means of a weighted value function, and reduced to one 

objective that will be maximized by the model. Also, in order to avoid the difficulties 

associated with non-linear problems, we have assumed the use of a linear additive value 

function (Evans and Fairbairn, 1989). This permits the use of a zero-one Integer Linear 

Programming (0-1 ILP) model. 

The proposed approach enables decision makers ·to a) consider multiple, 

conflicting goals, b) consider qualitative objectives, c) explicitly consider constraints such 

as resource limitations, project interdependencies, and portfolio balancing, and d) select 

and schedule the optimal set of projects that will maximize benefits according to the pre

specified priorities without violating any of the constraints. 
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Few zero-one ILP models have been suggested in the literature for project 

portfolio selection. The models proposed by Evans and Fairbairn ( 1989) and Kira et al. 

(1990} address many of the real issues more so than other models in the project portfolio 

selection literature. However, in spite of their advantages, these models have some 

shortcomings in that they either do not take the starting perio� of projects into 

consideration (Evans and Fairbairn, 1989) and implicitly assume that all of the projects 

start in the first period of the planning horizon, or assume that the amount of resource that 

is consumed in each period is fixed over time (Kira et al., 1990). 

A serious error that could be made by the model, because of the assumption that 

projects start in the first period of the planning horizon, is an incorrect estimate of the total 

amount of resource to be used in each period. This can cause the unnecessary elimination 

of some projects from the portfolio because of perceived shortages of resources in specific 

periods, whereas this shortage would not happen in reality because some of the projects 

could start in later periods. 

The assumption of a fixed rate for resource consumption during the execution 

period, is not a valid assumption either. In real world cases, usually the rate of resource 

consumption is low in the earlier periods and increases as time passes, then around the 

middle of execution it reaches a peak; after that, the consumption rate decreases and 

finally converges to zero at the end of the project. Therefore, the curve that represents 

cumulative resource consumption over time is usually an S-curve curve (for example, see 

Nicholas, 1990). The slope of the S-curve depends on the type of project at hand; some 

projects have steeper while others have more gentle slopes. Figures 1 and 2 show typical 

resource and cumulative resource consumption curves over time. 

The proposed model in this paper overcomes the above mentioned shortcomings. 

It not only suggests a set of projects that should be incorporated in the optimized 

portfolio, but also determines the period in which each of the selected projects should 

start. The model also handles the situations in which the amount of consumed resources 
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Figure 1- Resource Consumption Over Time 
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Figure 2- Cumulative Resource Consumption Over Time 
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varies in different periods. The other advantage of the proposed model is that it is not 

limited to certain pre-defined scheduling or resource consumption alternatives (as is the 

case with previously mentioned models}, and searches the entire solution area in order to 

find the global optimal solution. 

2.1 The model 

The decision variables, objective function, and constraints of the models are as 

follows: 

Decision Variable 

The decision variables are defined by 

x,={� 
if project i is included in the portfolio and starts in period j 

otherwise 

for i = 1, ... , N, where N is the total number of projects being considered, and j = 1, . . .  , T, 

when the planning horizon is divided into T periods. 

Objective Function 

Project portfolio selection is usually a multi-objective problem in which objectives 

in several categories should be maximized or minimized. There are two major problems 

associated with multi-objective problems which make them difficult to solve. The first is 

that some of the objectives are qualitative in nature, such as political or environmental 

objectives, and the second problem is that objectives often conflict with each other. 

Different techniques are available to help quantify qualitative objectives and to integrate 

different objectives within one framework. By using these techniques, an overall score can 

be assigned to each project that reflects its relative contribution. From the many different 

methods that can be applied to score individual projects, the Analytic Hierarchy Process 

(AHP) has received wide application in a variety of areas (Golden et al., 1989) and has a 
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voluminous body of literature (Zahedi, 1980}. In this method, first qualitative and 

quantitative criteria for selecting projects are identified and integrated into a hierarchical 

structure; then pairwise comparisons among projects are used to weight the criteria, and 

finally, based on the amount of benefit contribution of each project to each criteria, the 

AHP score of individual projects is determined. A higher AHP score reflects a higher 

project utility. Decision makers may also use other techniques, such as weighted factor 

scoring (Martino, 1995) that seem more objective or more appealing. For a detailed 

discussion of these techniques see Archer and Ghasemzadeh (1996a). 

Several techniques have been suggested for solving multi-objective zero-one 

models (Evans, 1984; Rasmussen, 1986). In this paper, however, in order to obviate some 

of the difficulties and problems associated with pure multiple objective optimization, such 

as goal programming, we apply a ''value function approach" to the problem of 

maximization of objectives in the various categories. We will also assume the use of a 

linear additive value function in the model. For a detailed discussion of the value function 

approach see Evans and Fairbairn (1989}. 

As a result of the above assumptions, the objective function is given by 

N T 
Maximize Z = L, L,a, X It (1) 

l=I j=I 

where Z is the value function to be maximized, and a, is the score of project i (for 

example, the AHP score) calculated in the previous step. If the organization wants to 

maximize only a single quantitative objective, such as net present value (NPV), there is no 

need to score the projects. In this case, a, would be the amount of that criteria, say NPV, 

that is earned by project i if it is incorporated in the portfolio. 
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Constraints 

The following set of constraints will guarantee that each project, if selected, will 

not start twice during the planning horizon. 

for i = 1, ... ,N (2) 

A basic assumption is that each project, if started, should continue to completion 

within the planning horizon. The following set of constraints, that is called project linking, 

will guarantee the continuation of a project to completion, once it is selected. 

for i = 1, ... , N 

for i=l, .. . , N, k+lsjsT, and k=l, ... , T, and 

for i = 1, ... , N, and k =1, . . .  ,T, 

T 
LV!ll = 0 

k=j+I 

for i = 1, . .. , N, and j = 1, . . . , T, where 

if project i starts in period k and is active in period j 

otherwise 

and D; is the duration of project i. 
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Appropriate sets of constraints can be established for each limited resource such as 

finance, work force and machine time. For example, if the total cost to completion of the 

selected projects should not exceed a certain amount (TC), then the following constraint 

should be set 

N T 
LR';LXv '5. R' 1=1 /=I 

where R'1 is the total investment required for the completion of project i. 

(8) 

The budget available to carry out a set of projects may vary over time. If the 

planning horizon is divided into T planning periods, and the maximum allowed cost for all 

projects during period j should not exceed a certain amount (TCj), then the set of 

constraints would be 

N I 
LLC9tVvi- S R'1 for j = l, . . . ,T 
1=1 k=I (9) 

where Cvi- is the investment required by project i in period j if it starts in period k. More 

sophisticated cases of resource consumption patterns, such as cases where the cost rate of 

projects over their execution periods depends on their starting period, can be handled by 

this set of constraints. As an example, consider a construction project with a duration of 

three periods (say, three quarters), that needs 5, 10, 5 million dollars in each quarter 

successively if it starts in spring whereas it needs 6, 12, 7 million dollars if it starts in fall. 

Increased or reduced levels of project funding will normally result in a faster or 

slower rate of project completion. The same project supported at different levels of 

funding can be represented as a separate project in the objective function and resource 

constraints (Bell et al., 1967). The coefficient for this separate project will not be the same 

in the resource constraints, reflecting the change in the level of funding as well as any 

difference in the efficiency with which the resource is utilized at the new funding level 
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(Jackson, 1983). In such cases, the following constraint must be added to ensure that only 

one version of the project will be selected 

(10) 

where Sv is the set that contains different versions of an individual proj�ct. 

Mandatory projects may exist in the selected portfolio. These are the projects that, 

based on certain considerations, are to be definitely included in the portfolio. Moreover, at 

periodic revisions of the portfolio, it is normal for many or all of the ongoing projects to 

be continued, and therefore must be included in the portfolio. It is important to address the 

issues of mandatory and ongoing projects in the model because such projects compete 

with the others for scarce resources and we may want to perform sensitivity analyses that 

determine the opportunity cost of including them. The following set of constraints 

guarantees the inclusion of these types of projects in the selected portfolio. 

for i es. 

where s. is the set of mandatory projects, and 

T 
LX11=1 for i eS0 
j=I 

(11) 

(12) 

where S0 is the set of ongoing projects that should be continued. Constraint 12 guarantees 

that continuing projects should not be interrupted. 

The following set of constraints could be used to see the impact of exclusion of 

certain ongoing projects from the portfolio. This would be useful for sensitivity analysis 

purpose. 

T 
LXv = o for i eS, 
J=I 

'(13) 
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where sd is the set of ongoing projects that should be excluded from the portfolio. 

Interdependence among projects is another important issue that must be 

considered. For example, if project B is dependent on project A, then project A must be 

selected if project B is included in the portfolio. However, project A could be included in 

the portfolio even if project B is excluded. As an example in the case of information 

systems projects, the development of an executive support application (ESS) might be 

dependent on the development or expansion of certain transaction processing applications 

(TPS) or implementing a certain data warehousing project. These types of 

interdependencies among projects can be considered in the model by the following sets of 

constraints 

T T T T 
L}Xv +(T+l)*(l-°LXv)-°LJX11 �D,°LX11 
J=I i"'I J=I J=I 

(14) 

(15) 

for i e P,, where P, is the set of precursor projects for a particular project/, I= 1, . . .  , L. 

Constraint 14 guarantees the selection of its precursor projects, once a project is 

selected, and constraint 15 guarantees that all of the precursor projects will be finished 

before the successor project starts. 

Mutual exclusiveness is another important type of interdependence that should be 

addressed. A set of projects is considered to be mutually exclusive if we can only include 

one of its projects in the portfolio. For example, in the case of development projects for 

joining two different cities, two mutually exclusive projects could be the construction of a 

highway or a railroad. Once one of these projects is selected the others should be excluded 

from the portfolio. If there are P sets of mutually exclusive projects, and S P is the pth set 

of such projects, then the set of constraints is given by 
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for p = 1, . . . , P (16) 

Many other types of constraints could be added to this model, depending on the 

situation at hand. For example, one coµld specify required relationships for different types 

of projects (e.g., the percent of resources that will be used for each c�tegory of projects 

should not exceed a certain amount, or the number of projects in a certain category must 

be at least twice the number of projects in another category). As another example, 

management may prefer a portfolio of projects that balances the overall development risk. 

Typically, a high-risk project will also have the greatest expected benefits if implemented 

successfully. For instance, a balanced portfolio might include a small investment in high

risk, high benefit (potential) projects as well as more investment in low-risk projects with 

more modest expected benefits. A mixture of projects with different risks will allow an 

organization to achieve acceptable results while taking on some risk in large, unstructured, 

or relatively high technology projects (Davis and Olson, 1985). This can be done simply 

by adding the required set of constraints to the model. 

Solving the model we have developed will provide a portfolio of projects that 

maximizes the total benefit of the portfolio and satisfies all the constraints. Moreover, the 

model determines the period in which each of the selected projects should begin, to satisfy 

limitations on available resources in each period. 

Once the model is solved and a certain solution is obtained, we can examine the 

robustness of the solution to changes in different variables and parameters of the model by 

performing sensitivity analysis. For example, we can change the predicted re8ource 

consumption, the amount of available resources, or perform other adjustments and 

observe their impacts on the solution. It should be noted that sensitivity analysis is very 

critical for integer linear problems because a very small change in one of the coefficients 

can cause a relatively large change in the solution. Because of the extreme sensitivity of 
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the optimal solution to the constraint coefficients in integer programming models, the 

model should be re-solved several times, with slight variations in the coefficients each 

time, before attempting to choose an optimal solution for implementation (Anderson et al., 

1994). A Decision Support System (DSS) can be applied by decision makers for this 

purpose. For a detailed discussion on project portfolio selection through a decision 

support approach see Archer and Ghasemzadeh (1996b). 

3. A case example 

In order to demonstrate the model, we formulated a case example and solved it 

with the aid of a computer-based optimization package. In this example the decision 

makers want to select a portfolio of projects from twelve candidate projects and schedule 

them over a planning horizon that consists of five periods (for example, five years). 

Information about the case is presented in 39 Tables in the appendix. Table 1 summarizes 

information on the different candidate projects. Three type of resources: financing, work 

force and machinery are required for undertaking the projects. Table 2 shows the total 

financing, man-hours and machine-times available in each period and Tables 3 to 38 show 

the amount of these resources that projects 1 to 12 consume in each period. 

Since in real world situations the amount of resource that is consumed by a project 

in each period could depend on the starting period of that project, we have considered 

such a situation in this case. For example, as presented in Table 9, project 3 (with a 

duration of three periods) requires 300, SOO and 300 KS if it starts in period one, 310, 

520, and 310 KS if it starts in period 2 and so on. This kind of change in resource 

consumption could be due to factors such as inflation and seasonal changes. 

We used the Wmdows® version of the Lingo® programming package to solve the 

developed model. Lingo solves a linear programming relaxation of the problem 

( 0 s X1 s 1 'V 1) first, and then uses the LP solution to initiate a branch-and-bound 
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procedure to find the optimal solution. Table 39 shows the results obtained from applying 

the optimization model to the example problem. In this table, X(PS, T4) = 1 means that 

project eight (PS) is selected to be included in the portfolio and should start in period four 

(T4); V(PS, T4, K4) and V(PS, TS, K4) =l means that project eight (PS) that starts in 

period four (K.4) will be active in periods four (T4) and five (TS), because it lasts two 

periods (see Table 1). All other variables (Xs and Vs), for projects that are not selected 

and not in the table, are zero and have been eliminated from the table to remove the 

clutter. 

Figure 3 presents the results obtained from the model, in a more intuitive and 

understandable way. This figure shows the selected projects and their start and finish 

period in a Gantt chart; note that projects not selected are shown as shaded areas at the 

left of the chart. Figures 4 to 6 represent the amount of each resource that is available and 

consumed in each period. 

It should be noted that although more than one optimal solution might exist in the solution 

space, depending on the algorithm that is applied by the software program, only one of 

them will be found. We solved the case example with another optimization software 

(Cplex ®) that applies a different algorithm and found another optimal solution to the 

same version of the problem. It was interesting to see that one of the optimal solutions 

consumed more resources than the other. Such situations are occasionally observed, but 

one should notice that using less resources in multi-objective problems does not mean that 

one optimal solution is preferable to another. Since the total scores of both optimal 

solutions are equal, the use of more resources by one optimal portfolio means that the 

portfolio is gaining more benefit in one or more categories over the other portfolio. 

The proposed optimization model can be incorporated into a DSS in which, first an 

optimal solution is suggested to decision makers and then the decision makers interact 

with the system through a suitable interface in order to reach a portfolio more satisfactory 
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Figure 3- Selected Project Portfolio and Schedule 
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to them. Using the DSS, the decision makers, who are an active element in the decision 

making process, can perfonn sensitivity analysis to examine the impact of certain changes 

(for example, increase in available resources) on the optimal solution. The decision maker 

can also change the proposed optimal solution, by selecting or de-selecting different 

projects, to find a more balanced and intuitively appealing portfolio. The DSS also allows 

the decision maker to observe the impact of any such change on the optimality of the 

solution. 

A prototype DSS that has been developed for this purpose is described in Archer 

and Ghasemzadeh (1996b). 

4. Summary and discussion 

In this paper, we suggested a zero-one integer linear programming model for 

project portfolio selection and scheduling. The proposed model addresses the major issues 

that should be considered in project portfolio selection and finds the global optimal 

solution to the problem at hand. The major issues that are addressed by the proposed 

model are: a) existence of multiple, often conflicting objectives, b) existence of both 

quantitative and quantitative objectives, c) limitations in the required resources (especially 

when the resource availability and consumption is not uniform over the planning period), 

d) project interdependencies, e) portfolio balancing in terms of factors that are of 

importance to decision makers, such as risk and time to complete, and f) project 

scheduling. The major contributions of the paper are: a) the proposed model not only 

selects the optimal portfolio but it also schedules the projects based on the 

available resources in each individual period, and b). it handles time-dependent availability 

and consumption of resources which frequently occur in real world applications. 

The optimal solution recommended by the zero-one ILP model, though very 

useful, should be treated with caution because the variable and parameter values are 
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· difficult to estimate. The total score of a portfolio is also not necessarily the sum of 
.; . 

_ individual projects scores as some interactions might exist between different projects, 

�·.' making the linear assumption unrealistic. Research is required to investigate: a) the impact 

_ ·  of the accuracy of estimates of input data on the solution and b) the impact of assumptions 

of linear objective function and linear additive value functions (Evans �d Fairbairn, 1989). 

�,, The next important issue is that the consequences of projects are not certain and 

. there are different risks, such as technological and marketing risks, associated with each 

·project (for more discussion of uncertainty and risk see McFarlan, 1981; Riggs et al., 

· t994; Hottenstein and Dean, 1991; and Rousel et al., 1991). The approach that is 

presented in this paper takes uncertainty and risk into consideration during the scoring 

stage; it also makes it possible to balance the portfolio in terms of risk by adding a suitable 

set of constraints to the model, as explained before. The model assumes that the amount 

of risk for each project is predetermined. However, measurement of risk is a challenging 

task and research is required to find suitable methods for evaluating project risks. 

Another major issue for further research is the failure of traditional optimization 

techniques in project portfolio selection problems. That is, algorithms should not be used 

to prescribe solutions without allowing for the judgment, experience, and insight of the 

decision makers (Mathieu and Gibson, 1993). Project portfolio selection should be 

considered as a process that includes several steps, rather than just solving an optimization 

problem. For a detailed discussion of the whole process, in which finding the optimal 

portfolio is only one step in the whole process, see Archer and Ghasemzadeh (1996a). 

Provision for continuous interaction between the system and decision makers 

throughout the whole process of project portfolio selection is important because: 1) it is 

extremely difficult to formulate explicitly in advance all the preferences of decision maker, 

2) involvement of decision makers in the selection process indirectly motivates successful 

implementation of the selected projects, and 3) interactive decision making has been 

accepted as the most appropriate way of obtaining the correct preferences of decision 
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makers (Mukherjee, 1994). In order to increase the likelihood of user acceptability, 

research is required to determine the important aspects of such a DSS including a) 

definition of the characteristics and features of decision support system for project 

portfolio selection, b) the type of support that should be provided at each step of the 

process, c) sensitivity-analysis techniques that should be used within the process, d) the 

major components of the DSS (i.e., model management, data management, the user 

interface, and their interactions), and e) the selection of suitable software modules that 

perform the different tasks in portfolio selection efficiently and effectively and that can 

interact in a seamless manner. The DSS should not be limited to a specific decision 

application and its model management subsystem should have the capability of supporting 

decision makers in selecting and/or formulating the required models for the specific 

application at hand through interactive sessions, without requiring user to have a high 

degree of technical expertise. 

References 

Anderson, D.R., Sweeney, D.J. and Williams T.A (1994), "An Introduction to 
Management Science: Quantitative Approaches to Decision Making', West Publishing 
Co., NY. 

Archer, N.P. and Ghasemzadeh, F. (1996a), "Project portfolio selection techniques: A 
review and a suggested integrated approach", Innovation Research Center Working Paper 
46, Hamilton. Ont.: Michael G. DeGroote School of Business, McMaster University. 

Archer, N.P. and Ghasemzadeh, F. (1996b), "Project portfolio selection management 
through decision support: a system prototype", Innovation Research Center Working 
Paper 49, Hamilton. Ont.: Michael G. DeGroote School of Business, McMaster 
University. 

Bell, D.C., Chilcott, J.E., Read, AW., and Salway, R.A (1967), "Application of a 
research project selection method in the North Eastern Region Scientific Service 
Department", Central Electricity Generating Board Report RHIHIR2, UK. 

Davis, G.B. and Olson, M.H. (1985), Management Information Systems, New York, NY: 
McGraw-Hill. 

22 

1 



,]' · · ·  

, . . . 

Dos Santos, B.L. (1989), "Selecting infonnation system projects: problems, solutions and 
challenges", Proceedings of the Hawaii Conference on System Sciences. 

Evans, G.W., (1984), "An overview of techniques for solving multi-objective 
mathematical programs", Management Science, 30/11, 1268-1282. 

Evans, G.W. and Fairbairn, R. (1989), "Selection and scheduling of advanced missions for 
NASA using 0-1 integer linear programming", Journal of the Operational Research 
Society, 40/11, 971-981. 

Golden, B.L., Wasil, E.A., and Levy, D.E. {1989), "Applications of the analytic hierarchy 
process: A categorized, annotated bibliography''. Published in The Analytic Hierarchy 
Process: Applications and Studies {Edited by Golden, B.L., Wasil, E.A., and Harker, 
P.T.). 

Hottenstein, M.P. and Dean, J.W. (1991}, "Managing risk in advanced manufacturing 
technology", California Management Review, 34, 112-126. 

Jackson, B. (1983), "Decision methods for selecting a portfolio of R&D projects", 
Research Management, September-October, 21-26. 

Kira. D.S., Kusy, M.I, Murray, D.H., and Goranson B.J. (1990), "A Specific Decision 
Support System (SDSS) to develop an optimal project portfolio mix under uncertainty", 
IEEE Transactions On Engineering Management, 37/3, 213-221. 

Martino J.P. (1995), Research and Development Project Selection, New York, NY: John 
Wiley & Sons Inc. 

Mathieu, R.G. and Gibson, J.E. (1993), "A methodology for large scale R&D planning 
based on cluster analysis", IEEE Transactions On Engineering Management, 3013, 283-
291. 

McFarlan, F. W. (1991}, "Portfolio approach to infonnation systems", Harvard Business 
Review, 5915, 142-150. 

Mukherjee, K. (1994), "Application of interactive method for MOLIP in project selection 
decisions: A case of Indian coal mining industry'', International Journal of Production 
Economics, 36, 203-211. 

Nicholas, J.M. (1990) Managing Business and Engineering Projects: Concepts & 
Implementation, Prentice Hall. 

Rasmussen, L.M. (1986), "Zero-one programming with multiple criteria", European 
Journal of Operational Research, 26, 83-95. 

23 



.. •. -. '·' 

Riggs, J. L., Brown, S.B., and Trueblood, R.P. (1994), "Integration of technical, cost and 
schedule risks in project management", Computers and Operations Research. 21/5, 521-
533. 

Rousel, P.A , Saad, K.N., and Erickson, T.J. (1991), Third Generation R&D, Cambridge, 
MA: Harvard Business School Press. 

Schniederjans, M. and Santhanam, R (1993), "A multi-objective constrained resource 
information system project selection method", European Journal of Operational 
Research. 70, 244-253. 

Zahedi Fatemeh (1986), "The analytic hierarchy process - A survey of the method and its 
applications", Interfaces, 16/4, 96-108 . 

24 



Appendix 

i 
' t 

L�. 
25 



.·'"-}-. 

Table 1- Project Information 

20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 

1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 

Table 2- Total Resources Available 

4000 
40000 

1 

520 770 
7200 9400 

72000 94000 
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Table 3- Project 1 Financial Requirements 

Table 4- Project 1 Workforce Requirements 

0 
1210 0 

0 1220 
0 0 

0 0 0 

Table 5- Project 1 Machinery Requirements 

0 

10200 
0 
0 
0 

10400 
0 
0 

27 

0 
0 
0 

1230 
0 

0 
10500 

0 

0 
0 
0 

1240 

0 
0 
0 
0 

10600 



Table 6- Project 2 Financial Requirements 

200 0 
210 210 

0 220 
o 0 
o 0 

Table 7- Project 2 Workforce Requirements 

2210 
2220 

0 0 
0 0 0 

Table 8- Project 2 Machinery Requirements 

0 
0 

0 
0 
0 

0 
26000 
27000 

28 

0 
0 

220 
230 

0 

2220 
2230 

0 

27000 
28000 

0 

o 
0 
0 

230 
o 

2230 
0 

0 
0 
0 

28000 
o 



Table 9- Project 3 Financial Requirements 

Table 10- Project 3 Workforce Requirements 

3500 5000 3500 
0 3600 5100 
0 0 3700 
0 0 0 
0 0 0 

Table 11- Project 3 Machinery Requirements 

35000 
0 
0 
0 
0 

40000 
37000 

0 
0 
0 

29 

0 
0 

3600 
5200 

0 
0 

0 
37000 
45000 

0 
0 

3700 
0 
0 

0 
39000 

0 
0 
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Table 12- Project 4 Financial Requirements 

0 
105 

0 110 
0 0 0 
0 0 0 

Table 13- Project 4 Workforce Requirements 

Table 14- Project 4 Machinery Requirements 

10000 
0 
0 
0 
0 

0 
10200 

0 
0 
0 

0 
0 

10400 
0 
0 

30 

0 
0 

115 
0 

0 
0 
0 

10500 
0 

0 
0 
0 

120 

0 
0 
0 
0 

10600 



Table 15- Project 5 Financial Requirements 

0 
0 210 210 0 0 
0 0 220 220 0 
0 0 0 230 230 
0 0 0 0 0 

Table16- Project 5 Workforce Requirements 

i�t.����Jil��1J.�ijn���1�j�J111�M•ri*-lou�1iii.�t\e�'"9.,dmm�r1�mmm.t�film��t�m11��k�mlli��;,m�1�m1�����w1��w 
:����l���1����!�m�1 �1ir�rm1mmm1illi1!K����1�m1m�11� i1i11�11�1�1��11�1i1111111�ri11ru�11i11���1� 

2200 2200 0 0 
0 2210 2210 0 
0 0 2220 0 
0 0 0 2230 
0 0 0 0 0 

Table 17-· Project 5 Machinery Requirements 

26000 0 
27000 27000 0 

0 28000 28000 
0 0 0 0 
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Table 18- Project 6 Financial Requirements 

500 
310 

0 320 
0 0 

0 0 0 

Table 19- Project 6 Workforce Requirements 

i11����t��i���m�J.1�1. 
3500 5000 3500 

0 3600 5100 
0 0 3700 
0 0 0 
0 0 0 

Table 20- Project 6 Machinery Requirements 

0 0 0 
0 0 0 

32 

310 
540 

0 
0 

0 
3600 
5200 

0 
0 

0 
0 

320 
0 
0 

0 
0 

3700 
0 
0 

0 
39000 

0 
0 
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Table 21- Project 7 Financial Requirements 

�11!11�m�mi��m���!1��1���1.�w�����11���1!!i�!�iIBi!ir;ost�i1n11;e•-r1Pd!11i1m�1m�n�i111mi1�����!1111111111mm1111mm111111111111i�1�1!1i111111imi1111111mi1111 

lW��j��1�wt�ti����t_· ili����m1oo�mm�����W�JOOl�t- m1m1�w�1�h���W;fu{�k�tm1ni11m1. 
100 0 0 0 0 

0 105 0 0 0 
0 0 110 0 0 
0 0 0 115 0 
0 0 0 0 120 

Table 22- Project 7 Workforce Requirements 

:�,�:�liil�illi�B1l�it[wJW�,.i��Man�dllt1.1::1n:1iR�no:dJiijf;�W�f11.w1�1w1j�1;fuw,m�111m�:�:�11m1;(1mmm111m1r1: 
1�m-r��m�m1oomm ��,J�K���111�mmf!r.��111�n�1- !�1m1�111[�trioo11��WJW.��1mmm�111 1111111111m����111�111111111�111111 ;1111��11i111ij!1111f!11111m111�11111ifi 

1200 0 0 0 0 
0 1210 0 0 0 
0 0 1220 0 0 
0 0 0 1230 0 
0 0 0 0 1240 

Table 23- Project 7 Machinery Requirements 

0 0 
10200 0 

0 10400 0 
0 0 0 10500 0 
0 0 0 0 10600 
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Table 24- Project 8 Financial Requirements 

200 200 0 
0 210 210 
0 0 220 
0 0 0 
0 0 0 

Table 25- Project-8 Workforce Requirements 

0 0 
0 0 

220 0 
230 230 

0 0 

:�i�lll�����lm!lli�!��m11m11Nan :. ;_ ours::;_ n::,e�riod:::��%���Ji!m1�mim!i[�m1:1il!lm!n1illiili!lnli!mil!!i!iimmm1m 
�11�1���\����it: '.t��4.1�1��1�r.��1�r2 11i�i1�111m111�1m11�1�11111�tta�im�11- �1�™mr.���11��*"��J�mm111. ;111111��111mm11111111m1m1!111111� 

2200 2200 0 0 0 
0 2210 2210 0 0 
0 0 2220 2220 0 
0 0 0 2230 2230 
0 0 0 0 0 

Table 26- Project 8 Machinery Requirements 

25000 25000 0 0 0 
0 26000 26000 0 0 
0 0 27000 27000 0 
0 0 0 28000 28000 
0 0 0 0 0 
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Table 27- Project 9 Financial Requirements 

0 
0 

0 
0 
0 

320 
0 
0 

Table 28- Project 9 Workforce Requirements 

3500 5000 3500 
0 3600 5100 
0 0 3700 
0 0 0 
0 0 0 

Table 29- Project 9 Machinery Requirements 

0 
0 

39000 

35 

0 
0 

0 
0 

3600 
5200 

0 
0 

37000 
45000 

0 
0 

320 
0 
0 

0 
0 

3700 
0 
0 

39000 
0 
0 



Table 30- Project 10 Financial Requirements 

Table 31- Project 10 Workforce Requirements 

!!��,��1��1���•�•m�1�1lli1�11�r.tan�ours:1:1n��een��i1111!1111111111111111111111111111111111m1i1�1111111ij11111!!ill!!l11ii!�ii!!111111m1:tm11 

1200 0 0 0 0 
0 1210 0 0 0 
0 0 1220 0 0 
0 0 0 1230 0 
0 0 0 0 1240 

Table 32- Project 10 Machinery Requirements 

10200 
0 10400 0 

0 0 0 10500 0 
0 0 0 0 10600 

36 



Table 33- Project 11 Financial Requirements 

200 200 
0 210 210 0 0 
0 0 220 220 0 

�..:·f 0 0 0 230 230 -� 
0 0 0 0 0 

.... 

Table34- Project 11 Workforce Requirements 

2200 
0 2210 2210 
0 0 2220 2220 0 
0 0 0 2230 2230 
0 0 · o 0 0 

Table 35- Project 11 Machinery Requirements 

25000 
26000 26000 

0 0 27000 27000 0 
0 0 0 28000 28000 
0 0 0 0 0 
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Table 36- Project 12 Financial Requirements 

Table 37- Project 12 Workforce Requirements 

3500 0 
0 3600 5100 3600 0 
0 0 3700 5200 3700 
0 0 0 0 0 
0 0 0 0 0 

Table 38- Project 12 Machinery Requirements 

35000 0 
0 37000 0 
0 0 39000 45000 39000 
0 0 0 0 0 
0 0 0 0 0 
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Table 39- Optimal Solution 

Ya able'!i!1ili!lmm:i:!�!i!im!:!mmm!!i!i!i!mmm:�m:,,,val ue::1:mm::::m:11!!!HH': 

x<��jt�)111:m1m:mm>IBrlli��n�1m1�m:m11��· 1 
X P,4.TF& 1 
X(P:l<;ii1 1 
xu���JI 1 
x<e,1,o:;rr:�,l11i���-\�imm1��� 1 

Y,(Rl�ll:K&Jillif!�J�mi�W.�!����f.��, 1 
\f(lt;,�J�H�i1 1 

1 
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