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Abstract 

Logistics services are type of services that deal with industries like manufacturers, raw material 

suppliers, distributors, retailers, and shippers within the supply chain. Strategic planning for 

logistic services is a complex process that requires an understanding of how the different 

elements and activities of logistics. The decision-making process is considered as fundamental to 

strategic planning. The majority of the current studies focus only on optimizing the operational 

resources or model the strategic decisions without evaluating their impact on the operational 

resources.  

A decision support methodology, named SOPLS, is proposed in this thesis for Strategic and 

Operational Planning of Logistic Services. SOPLS consists of two layers: strategic and 

operational. The methods are integrated to form the strategic layer: model-based scenario 

analysis, search-based scenario generation, and multi-criteria scenario prioritization. The model-

based scenario analysis works based on Bayesian belief networks (BBN) to provide decision 

support for cost-benefit analysis of the service scenarios. The search-based scenario generation 

method integrates BBN with genetic algorithms in order to generate new scenarios based on a 

given goal. A multi-criteria scenario prioritization method is proposed, by integrating BBN with 

analytical hierarchy process, to automatically prioritize the scenarios based on user preferences.  

Two methods are integrated in the operational layer. Firstly, a hybrid prediction method is 

proposed for estimating the demand by integrating k-means clustering with linear regression. 

Secondly, a vehicle routing algorithm is proposed to minimize the length of the routes, taken by 

the service vehicles.  

By integrating the strategic and operational levels, the impact of the strategic decisions on the 

operational resources, like staff and vehicles, will be estimated. The results will potentially 

trigger updating the strategies, or even the parameters in the cost-benefit model, which form an 

iterative decision making process. 

We evaluated the proposed decision support methodology through a collaboration project with 

the City of Calgary’s Waste and Recycling Services (WRS). The results showed the usefulness 

and applicability of the proposed solution in the area of waste management. 
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Chapter 1 INTRODUCTION 

 Background 1.1

Nowadays, services and manufacturing are merging into a unique model of business, with 

common features. They share common profitability measures (e.g. cost or customer satisfaction), 

goals (e.g. minimizing capital investment while being efficient, responsive, and flexible), and 

enabling factors (such as computing power and communications, integration between operations 

etc.) (Forgia, 2008).  

Logistics services are type of services that deal with industries like manufacturers, raw material 

suppliers, distributors, retailers, and shippers within the supply chain (Chow, 2005). Design and 

management of logistic networks is one of the most critical issues in supply chain management 

(Manzini, 2009). With the continuous development of science and technology, logistics 

companies use the information technology as the core of their activities (Sun, 2012).  

Logistic systems are business solutions for delivering logistic services and are required to solve 

difficult problems involving distribution cost and the level of the services. Such problems of 

logistics systems are diverse in their characteristics, but their common goal is reducing the 

distribution costs while keeping the service quality at an acceptable level. In other words, 

distribution costs and the service levels are mutually opposed in a trade-off relation (Nanazawa, 

2009). 

It is widely accepted that the business environment is changeable, uncertain and complex 

(Partington, 1999) (Roney, 2003) (Akhter, 2003). Major changes have occurred as a result of the 

growth of industrialised economies, the advent of privatisation programmes and deregulation 

trends, and the development of new information technologies (Oyon, 1999) (Obeng, 2008). The 

increased competitiveness combined with the need to utilize existing resources and budgets more 

effectively have increased the demand to combine the idea of (traditional) decision support 

systems with all the capabilities of data warehousing, business process management, data mining, 

intelligent search, online analytical processing, decision optimization and data visualization. The 

result is often subsumed under the term of Business Intelligence (BI), which aims to enhance the 
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overall performance of the businesses. According to Gartner (Buytendijk, 2001), enterprises that 

implement a BI framework will experience a return on investment and integration two to three 

times greater than those who don’t.  

In (Rouibah, 2002) business intelligence is defined as a strategic approach for systematically 

targeting, tracking, communicating and transforming relevant data fragments into actionable 

information on which strategic planning is based. Strategic planning and strategic decision 

making have been studied for long time (Collier, 1983) (Roney, 2003) (Akhter, 2003) (Hellriegel, 

2004) and applied to many domains, e.g. material requirement planning (Repoussis, 2009), 

pharmaceutical (Dutta, 2007), and brown-field redevelopment (Chen, 2007). 

Strategic planning for logistic services is a complex process that requires an understanding of 

how the different elements and activities of logistics interact in terms of trade-offs and the total 

cost to the organization (Chow, 2005). Strategic decisions, such as those involved in designing a 

distribution/logistics network, or even at a higher level, designing a service, are complex because 

they involve significant commitments in resources over several years. The overall objective of 

logistics strategy planning, given the required customer service level, is the minimization of 

inventory-related costs associated with flowing and storing products from manufacturing sources 

to customers or end users (Moynihan, 1995). 

The decision making process is considered as fundamental to strategic planning. A decision can 

be made to control routine operations, or monitor long-term performance. The former type of 

decision is normally concerned with how business operations can be performed efficiently, 

whilst the latter is to determine how the effectiveness and strategic advantages of the business 

can be maintained. These different types of decisions are normally formulated as three levels of 

management: operational, tactical, and strategic.  

Usually, there is no deterministic relationship between a question and an answer in strategic 

decision making, as the process involves a great deal of personal experience and sophisticated 

reasoning, which may be difficult to be modeled mathematically (Liu, 1999) (Kecheng, 1999) 

(Mintzberg, 1975) (Sun, 2001). This decision making process can be facilitated by providing 

sufficient amount of relevant information and displaying similar patterns of decision problems 

and related information (Sun, 2001) (Jackson, 1992). Many logistics strategy planners use 
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decision support systems to support logistics strategies formulation. However, most of them are 

data-driven rather than knowledge-driven. Hence, these techniques are incapable of retrieving 

knowledge at the strategy design stage (Chow, 2005). 

Traditional logistics management systems are generally divided into several modules according 

to the function and the scope of the information required (Wu, 2012). Most of these systems 

simplify the influence of logistics service level on the demand of market by overlooking the 

customer related factors during decision making, which contradicts both customer oriented 

management philosophy and the reality (Zhao, 2012).   

A decision maker at a logistic company often faces a decision situation in which a cost-benefit 

analysis (CBA) of a strategy needs to be performed before an appropriate decision can be made 

or a proper action can be taken (Liu, 2003). Therefore, it is important to have a quantitative way 

to estimate the cost and benefits of the strategies in advance. Then an overall cost-benefit 

indicator can be assigned to them for comparison, leading to more transparent decisions.  

Scenario planning is a widely accepted management process for decision support activities 

(Zoric, 2011) (Livani, 2010) (Akker, 2008). A scenario is defined as a series of events that could 

lead the current situation to a possible or desirable future state (Ahmed, 2010). The decision 

maker usually seeks for the best/worst case scenarios which could happen as the result of a 

decision.  This process can be supported by an automated tool in which the possible scenarios 

from a decision are analyzed in any of the decision making layers: strategic, tactical, or 

operational. 

Although conventional decision support systems for logistic planning provide the database, 

modeling and visualization capabilities, they often do not explicitly support scenario 

management (Ahmed, 2010). Also, the majority of the solutions focus only on optimizing the 

operational resources, or model the strategic decisions without evaluating their impact on the 

operational level. 

Studying the literature of the decision support systems for strategic logistic planning shows the 

following gaps (details on the literature review are discussed in  Chapter 2): 

• Focusing only on resource optimization, rather than incorporating the user preferences in 

the decision making process 
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• Lack of decision support such as user scenario analysis, sensitivity, risk, and goal-seek 

analysis 

• Lack of a clearly defined integrated model for services, strategies, and scenarios  

• Focusing only on the strategic or operational level decisions and not supporting the 

integration of them 

• Using only static or history data for the analysis  

• Lack of implementation and empirical evaluation of an integrated solution  

Although some of the above aspects have been addressed in the related work, to the best of our 

knowledge, there is no study that addresses them all in one integrated solution. In this research, a 

novel decision support methodology for strategic and operational planning of logistic services is 

proposed. It is aimed to address the above gaps by combining modeling, optimization, and 

prediction techniques. In the following sections a formal problem statement, overview of the 

proposed solution, research questions and contributions, and the structure of the thesis will be 

explained. 

 Problem statement 1.2

As stated before, the management decisions for logistic services are normally classified into 

strategic, tactical, and operational (Bilgen, 2004). We consider two levels in this thesis: strategic 

and operational. The tactical level is merged into the operational to keep the model simple and 

efficient. So, the decision making for logistic services, as considered in this thesis, includes two 

phases: strategic and operational planning. 

1.2.1 Strategic planning of logistic services 

The strategic planning for logistic services as considered in this thesis consists of the following 

parameters: 

Planning parameters: 

• A set of system variables {SV1 … SVN}, such as technology factors, human resource, 

policy, and demand. 
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• A set of logistic services {LS1 … LSK} such as disposal services, postal services, snow 

removal, etc. 

Control parameters: 

• A set of objectives {O1 … OM}, defined as the target levels for the outputs of the process 

(Cost and Benefit). 

• A set of constraints {C1 … CN} on the system variables, such as limitation for the number 

of staff or vehicles. 

Goal: 

• Designing a strategy that meets the objectives and fulfills the constraints; the strategies 

may be specific to a service or be designed for multiple services. 

1.2.2 Operational planning of logistic services 

 The operational planning of logistic services in this thesis consists of the following parameters: 

Planning parameters: 

• A strategy ST which is the subject of operational planning 

• A logistic service LSi 

• A city region R which LSi is planned for 

Control parameters: 

• Demands on the services per service area, measured as the utilized capacity of the 

vehicles. 

• Operational resource consumption per service area, measured as the cost of the travelled 

routes by the vehicles. 

Goal: 

• Partitioning of R into service areas {SA1 … SAL} so that the operational cost of 

providing LSi is minimized.  

1.2.3 Decision problems 

Several decisions are involved in each of the strategic and operational phases, as follows. 
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Strategic phase: 

• What are the cost and benefit associated with each strategy? 

• Which system variables have the highest impact on cost and benefit? 

• What are the best and worst case scenario of a strategy? 

• Which configuration of the system variables would lead to desired cost and benefit? 

Operational phase: 

• What is the demand on the services per service area, for a given strategy and design of the 

service areas? 

• What is the total cost of the routes per service area, for a given strategy and design of the 

service areas? 

In addition to the above decision problems, which are related to the strategic and operational 

phases in isolation, the following decision problem raises when considering both phases: 

• Which strategy is the most desired with consideration of both strategic and operational 

goals? 

 Solution approach 1.3

The decision making approach as considered in this thesis includes the following steps 

(Kirkwood, 1996): 

• Step1: Identifying the objectives and measurement for them 

• Step 2: Creating the alternatives 

• Step 3: Evaluating the alternatives in terms of achieving the objectives 

• Step 4: Selecting the alternatives with respect to the trade-off among the objectives 

Finding the best strategy, with consideration of both strategic and operational aspects, would 

need examining all the combinations of the strategies with the possible operational plans 

simultaneously. Since this is a complex problem and computationally extensive, an 

approximated solution can be achieved from a two-phase process. In the first phase, the 

strategies are evaluated based on their cost and benefit. This evaluation is performed by creating 

a model from the domain knowledge that estimates the impact of the system variables (hence the 
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strategies) on overall cost and benefit. In the second phase, the strategies are further evaluated 

and refined from the operational perspective. The operational evaluation provides the estimated 

demand on the services as well as the resource consumption for the given design of the service 

areas.  

The overall solution approach is shown in Figure  1.1. It consists of two layers, strategic and 

operational, which will be discussed in the following subsections. 
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1.3.1 Strategic layer 

The purpose of the strategic layer is to evaluate a strategy in terms of overall cost and benefit 

values. To achieve this goal, two main computations are performed: service scenario planning, 

and scenario selection.  

Definition 1.1. A scenario is defined as a full instantiation of the decision problem by 

assigning all of the system variables to certain values. A scenario is designed for a 

certain strategy and service. Each scenario is represented by SC and includes a set of 

values for the system variables, {SV1, … , SVN}, N is the number of system variables.  

In service scenario planning, a set of scenarios are planned for implementation, based on a given 

strategy and service specification. Then, in scenario selection, a scenario is selected as the final 

scenario for implementing the strategy and service. These two computations are supported by the 

proposed methodology, as follows. 

The service scenario planning is supported by the search-based scenario generation component. 

The goal of this component is to automatically create the scenarios for a given strategy and 

service. Due to the nature of the search space (being computationally complex), GA has been 

chosen because of its efficiency in finding the (near-) optimal solutions (Banzhaf, 1997) 

(M’arquez, 2013) (Moon, 2012). This component provides the best/worst case scenario(s) for a 

given strategy and/or service. Also, the goal-seek analysis is supported, in which a set of 

scenarios are generated for a given goal for cost and benefit.  

The scenario selection is supported by the multi-criteria scenario prioritization component. 

Analytical Hierarchy Process (AHP) has been used in the literature as an efficient tool for this 

purpose (Saaty, 1980). So, it has been integrated to prioritize the service implementation 

scenarios, based on the scenario prioritization criteria. 

The model-based scenario analysis is considered as the centre of the strategic layer and the link 

to the operational layer. A cost-benefit model is created based on the domain knowledge and data. 

Bayesian belief network (BBN) is used to build a conceptual model, describing the causal effects 

between the variables of the system. BBN has been widely used in the literature for decision 

making under uncertainty and incorporating the domain knowledge in the decision making 



  

10 

 

process (Fenton, 2001) (Ibrahim, 2009). Also, it inherently supports the definition of scenario, 

which is one of the key concepts in our methodology.  

Analyses such as user scenario analysis and sensitivity analysis are achieved using the cost-

benefit model. The main output of the whole system, which is the values for cost and benefit, is 

provided by this component. Both of the search-based scenario generation and multi-criteria 

scenario prioritization components are integrated with the model-based scenario analysis 

component to provide the intended outputs. 

1.3.2 Operational layer 

The result of the strategic layer is a preferred scenario that needs to be further evaluated from the 

operational perspective. There are two main computations at the operational layer: estimating the 

demand on the services and resource consumption, per service area. The design of the service 

areas, for a scenario of the strategic layer, is assumed to be provided by the decision maker. Then, 

the goal is to evaluate and refine the design.  

The demand on the services is used for calculating the utilized capacity of the vehicles for 

providing the service, per service area. The capacities are measured depending on the logistic 

service, and in this thesis are measured as a factor of number of houses to be serviced. This 

computation is supported by a hybrid prediction method, which is an integration of two machine 

learning techniques, weighted k-means clustering (Guojun, 2007) (MacQueen, 1967) and linear 

regression (Tibshirani, 1996) (Berk, 2004). This integration increases the scalability of the 

prediction method to large datasets. 

The resource consumption is measured as the total cost of the routes travelled by the vehicles per 

service area. The routing optimization component provides the optimized routes for the service 

areas (which includes the total length). A routing algorithm is proposed for this problem, which 

is known as Chinese Postman Problem (CPP) (Edmonds, 1973).  

The operational evaluation of the design of the service areas lead to adjusting and evolution of 

the design. This process is repeated until an acceptable design is achieved by the decision maker. 

The results of the operational evaluation of the service scenarios will potentially update the 

related variables in the cost-benefit model. Variables such as required capacity and total length 
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of the routes are important factors in estimating the required fleet. So, providing more accurate 

estimations on these variables will potentially lead to more effective strategic plans. 

The integration of the operational layer with the strategic layer leads to an iterative decision 

making process. The iterative (or evolutionary) decision making had been considered in other 

domains as well, such as EVOLVE methodology in software release planning (Ngo-The, 2008). 

 Evaluation 1.4

The proposed methodology has been empirically evaluated through a collaborative research 

project between the University of Calgary and the City of Calgary’s Waste and Recycling 

Services (WRS). WRS manages residential waste (and recycling, organics etc.) collection for 

300,000 residential homes and operates three landfills and various community recycling depots. 

Several services are offered today, such as black carts (waste), blue carts (recycling), green carts 

(organic and yard waste), Christmas tree collection etc. The decisions on the above services vary 

from the operational level (such as collection routes, assignment of people to the routes, vehicle 

types etc.) to the strategic level (such as number of collection days, number of vehicles and 

drivers, budget allocation, level and quality of the services etc.).  

There are two main factors in the decision making process at WRS: cost and quality of the 

services. Normally, spending more on the services leads to a higher quality. This can be done 

through different strategies like training the staff, using more vehicles and drivers, shrinking the 

collection area and working hours etc. Similarly, cutting the budget on some of these parameters 

would lead to a lower quality of services and more complaints from the customers (citizens). 

Therefore, the managers at WRS need to make a trade-off between the cost and quality of the 

services.  

All of the components stated earlier have been evaluated in this collaborative research project. 

The strategic layer involves a BBN model which has been created through several meetings with 

the WRS managers. The model has been validated with the real scenarios from WRS and 

evolved over the course of the project. The integration of BBN with GA and AHP has been 

implemented and evaluated as well. The prediction model is used to predict the amount of waste 

for different parts of the city. The optimization component is used to minimize the length of the 

routes taken by the collection vehicles. A prototype has been implemented to integrate the above 
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components in one coherent tool and empirically evaluate the proposed decision support system. 

The evaluation results proved the usefulness and efficiency of the proposed solution towards 

managing the waste and recycling services. 

This project has been supported by Natural Sciences and Engineering Research Council (NSERC) 

of Canada under discovery grant no. 250343-07 as well as the City of Calgary’s Waste and 

Recycling Services. 

 Research questions 1.5

The following research questions are investigated in this thesis: 

• RQ1: How does a decision support methodology impact the efficiency and effectiveness 

of strategic planning for logistic services, when using scenario-based planning?  

• RQ2: What is the impact of using a hybrid prediction method for estimating the demand 

on the logistic services, especially when the training set is large?  

• RQ3: How the routing of the vehicles for providing the logistic services can be optimized 

for a given strategy?  

• RQ4: What is the impact of integrating strategic decision making, in RQ1, with the 

operational decision making, RQ2 and RQ3, on overall cost and benefit of the logistic 

services? How to evaluate the impact? 

 Contributions 1.6

To summarize, the following contributions are made in this research (with the indication of the 

related research question): 

1. Strategic planning of logistic services using SPGBA method 

A methodology, named SPGBA, for strategic planning of logistic services is proposed. It 

integrates Bayesian Belief Networks (BBN) with Genetic Algorithms (GA) to find the 

best/worst case scenarios of a strategy as well as suggesting scenarios for a given goal. 

The scenarios are prioritized using Analytical Hierarchy Process (AHP). AHP is 

integrated with BBN to automatically perform the prioritization. This contribution partly 

addresses RQ1. 
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2. Hybrid prediction method for estimating the demand on logistic services 

A hybrid prediction method is proposed which integrates weighted k-means clustering 

and linear regression. It is used for estimating the demand on the services, for a specified 

strategy on a logistic service. This method addresses the cases when the predictions are 

made based on a large set of historical data. This contribution partly addresses RQ2. 

3. Vehicle routing optimization  method and using for operational and strategic planning of 

logistic services 

A heuristic method is implemented for optimizing the routing of the vehicles for 

providing the logistic services, for a given design of the service areas. This method 

facilitates the operational evaluation of the design of the service areas as well as the 

strategic evaluation of the services at their design time. This contribution, which mainly 

comes from the integration with the SPGBA method, partly addresses RQ3. 

4. Strategic and operational planning of logistic services using SOPLS method 

An iterative decision support methodology is proposed for strategic and operational 

planning of logistic services. It provides decision support for analyzing the strategies as 

well as their associated operational plans, by integrating the former contributions in one 

coherent model. This contribution partly addresses RQ4. 

5. Empirical evaluation of the proposed decision support methodology 

The proposed decision support methodology, SOPLS, is empirically evaluated through a 

collaboration project with the City of Calgary’s Waste and Recycling Services. Several 

experiments were conducted to evaluate the applicability of SOPLS. A prototype is 

implemented for some parts of the methodology to evaluate the usefulness, simplicity, 

and accuracy of the method with the expert judgment. This contribution partly addresses 

RQ1-4. 

6. Evaluation of part of the methodology in a case study in software engineering 

Part of the strategic layer of the decision support methodology, integration of BBN and 

AHP, is evaluated in a case study in software project management. The applicability and 
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usefulness of the proposed multi-criteria scenario prioritization method is evaluated. This 

contribution partly addresses RQ1 and RQ4. 

 Structure of the thesis 1.7

The rest of the thesis is structured as follows: 

•  Chapter 2. Background and Literature Review 

•  Chapter 3. Decision Support for Strategic Planning of Logistic Services 

•  Chapter 4. Decision Support for Operational Planning of Logistic Services 

•  Chapter 5. Integrating the Strategic and Operational Layers 

•  Chapter 6. Empirical Evaluation: Case Study in the Domain of Waste and Recycling 

Services 

•  Chapter 7. Conclusions and Future Works  
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Chapter 2 BACKGROUND AND LITERATURE REVIEW 

 Introduction 2.1

This research falls in the conjunction of the following three areas:  

• Decision support systems for strategic service planning 

• Quantitative cost-benefit analysis of services 

• Operational planning of logistic services 

A background and summary of the literature review will be given for each of the above topics. 

 Decision support systems for strategic service planning 2.2

2.2.1 Background 

2.2.1.1 Strategic planning 

Strategy is the process by which the organization takes decisions for its future (Gorry, 1989), sets 

objectives, analyses trends and the competitive environment, assesses the resources needed to 

attain the objectives, and determines the policies and activities required to achieve the objectives.  

Strategic planning is defined as the process of diagnosing an organization’s external and internal 

environments, deciding on a vision and mission, developing overall goals, creating and selecting 

general strategies to be pursued, and allocating resources to achieve the organization’s goals 

(Hellriegel, 2004) (Sun, 2001).  

The objective of strategic planning is to align an organization’s activities with its environment, 

thereby providing for its continuing survival and effectiveness. It requires an organization to 

monitor its internal and external environments constantly for changes that may require modifying 

existing strategic and tactical plans or developing different ones altogether (Obeng, 2008). It 

must be applicable and executable, i.e. a representation of reality, must have a business 

orientation and be in line with corporate mission and goals.  

(Roney, 2003) and (Akhter, 2003) have argued that strategic planning is imperative for 

organizations that operate in turbulent and uncertain environments. Agreeing with them, it is 
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argued in (Backoff, 1993) and (Vinzant, 1996) that local government agencies are prime 

candidates for strategic planning because they, too, face turbulent, ever-changing and politically 

charged environments, and highly publicized resource allocation problems. 

Effective strategy process can influence organizational goals (Gerbing, 1994), and the processes 

involved in decision making affect the effectiveness of the resulting decisions (Dean, 1996) 

(Fredericks, 1988) (Fragidis, 2005). Strategic planning helps anticipate future needs of customers, 

respond to customer demand, anticipate future capital needs, design appropriate technologies, 

and make more efficient resource allocation decisions (Obeng, 2008) (Ugboro, 1991). 

2.2.1.2 Strategic decision making 

The decision-making process is considered as fundamental to the management in organizations. 

A decision can be made to control routine operations, or monitor long-term performance. The 

process of strategic decision making is highly complex. Top executives make decisions based on 

unstructured and uncertain information (Jackson, 1992), much of which is difficult to quantify, 

often using intuitive feelings and experience as guiding factors. Making strategic decisions is a 

difficult task, often taking long periods of time and the coordinated effort of many people 

throughout the organization. It is well known that as issues become more strategic, they also 

become more complex.  

Information technology was early considered as a tool with significant potential for overcoming 

the cognitive limitations of human beings (Bakos, 1986), in terms of bounded rationality, 

misconceptions and biases. It therefore improves both the effectiveness and efficiency of 

decision making. The development of information systems that support decision making was 

welcomed by business managers (Alavi, 1982) (Fragidis, 2005). 

2.2.2 Literature review 

A knowledge-based logistics strategy system (KLSS) was presented in (Chow, 2005) (Chow, 

2006). KLSS is a hybrid system to explore important attributes for case retrieval and matching 

process in a case-based system. The aim of this system is to effectively retrieve useful prior cases 

to assist logistics service providers in planning a cost-effective as well as a high-customer 

satisfactory-level logistics strategy among their clients. In order to develop a flexible and timely 
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data accessing framework for the system, the combination of data warehouse, multi-dimensional 

database management system, online analytical processing (OLAP) and case based reasoning 

(CBR) technologies is proposed. 

A framework for strategic and operational planning in logistics networks is presented in 

(Manzini, 2009). It works based on a cost optimization model which considered several factors 

such as distributors, production plants, raw materials sources, the allocation of the generic 

demand points to the suppliers available, the modes of transportation chosen, and the 

optimization of trips and vehicles/containers loading across roads.  

A strategic decision support procedure is proposed in (Chen, 2007) for brown-field 

redevelopment planning. Its application is demonstrated with a practical case study. Analytical 

Hierarchy Process (AHP) was used for prioritizing the decision alternatives. Although different 

qualitative approaches have been proposed to support strategic decisions for brown-field 

developments there is no systematic investigation of quantitative methods available to assist 

stakeholders to analyze strategic decisions. AHP was used in other studies, such as (Korpela, 

1998), for managing logistics services. Criteria such as profitability, financial viability, strategic 

commitment, and product requirements are used to prioritize a set of customers based on their 

strategic importance.  

In (Repoussis, 2009) a systematic dimension and the modular architecture of a web-based DSS is 

presented. Optimization methods are used to manage reverse logistical planning problems. The 

DSS is developed using web technology and allows sharing of information and algorithms. The 

emphasis is given to integration of online monitoring and reporting with other planning tools 

such as MRP (Material Requirement Planning), inventory control, vehicle routing and their 

respective interactions and interrelationships. The focus of their work is more on operational 

level instead of strategic level. 

A computerized decision support system is presented in (Bhargava, 1997). It helps the 

consumers develop an optimal plan for efficient recycling and disposal of their household or 

industrial waste. The plan, determined by solving a mathematical optimization model, specifies 

the transfer stations that are to be visited, items that are to be dropped at each station visited, and 
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the travel route between stations. This research was mainly a tool for planning the routes for the 

people who want to dispose their garbage. However, we consider a bigger problem in this thesis. 

In (Jackson, 1992) a prototype decision support system and learning tool named KASPER 

(Knowledge-based Advisor and strategic Programme Evaluator) is described. It uses qualitative 

frame-based knowledge representation to encapsulate the intuitive knowledge of high-level 

decision makers. The system allows a user to construct a 'mind set' of a particular strategic 

problem domain, using qualitative relationships to describe the causal effects and interactions 

between concepts. The resulting knowledge base may then be used for experimentation by 

altering individual relationships and observing the effects of the change in the structure of the 

knowledge base. This method is applicable to the problems which can be described in terms of 

the qualitative relations provided by the system. So it can be used for strategic decision making 

problems, once a relevant network has been described. The qualitative relationships used in this 

work have both advantages and disadvantages. They allow uncertain or unquantifiable concepts 

to be represented and they have an intuitive appeal to the user. However, no quantifiable insights 

are provided, and thus the system is only of benefit if it is used in conjunction with other 

methods of analysis, or as a learning tool. Although the authors name of a tool for KASPER in 

the paper, the structure of the tool is not specified. Also, no evaluation of the results is seen in the 

paper. 

In (Dutta, 2007) a generic model for process industries is studied. It is multi-period, multi-

facility and multiple-activity, and optimizes the nominal or discounted net profit of a company, 

subject to the constraints of the industry. They characterize a process industry as a network, 

consisting of several smaller manufacturing units/machines, through which several materials are 

routed and processed. They define a collection of facilities at which transformation occurs. At 

any given time, each facility houses one or more activities, which use and produce material in 

certain proportions. The production system is assumed to be continuously linear. The authors 

have addressed two case studies (one in steel and one in pharmaceutical industry) in which the 

application of their model leaded to 17% improvement in profit. However, their focus is more on 

optimization rather than decision support. Also they assume a linear relationship between inputs 

and the output, which is not always the case. Finally, there is no mention of tool support for their 

method. 
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In (Asrilhant, 2004), the elements of the strategic project management process are explored. In 

order to explore these elements, nine semi-structured face-to-face recorded interviews were 

carried out with a diverse group of managers holding top and medium positions in a single 

company in the upstream oil and gas sector. The evaluation of strategic projects, the interviews 

suggested, refers to their design, planning and valuation, in order to allow ultimately for their 

comparison and ranking. Although the focus of this paper is on strategic level, there is no 

mention of specific method, tool, and decision support. 

The objective of this study (Leskinen, 2006) is to further develop the utilization of the results of 

SWOT analysis and modern decision-support techniques throughout the strategic planning 

process. Their planning case concerns with the strategic planning situation of a regional forest 

research unit, Kannus Research Station, where the results of an earlier SWOT analysis were 

updated and processed in the first phase of the strategy process. They showed how the SWOT 

analysis can be processed to meet more efficiently the demands of the participatory planning 

process on hand, and, secondly, how statistical decision support tools can be applied in the 

evaluation of the importance of strategic factors and their uncertainties. This work is good in 

sense of focusing on the strategic level and using decision making tools (Analytical Hierarchy 

Process). However, like most of the previous works, there is no mention of decision support. 

Also the method is not supported by any specific tool. 

A methodology for strategic planning in decision support systems is proposed in (Collier, 1983). 

This methodology transforms the business strategy into system strategy. However, this approach 

does not support the business strategy process. Also, the information system is used, in essence, 

to support the implementation of business strategy, not the development of new strategies. 

Information systems should support the development of strategies; otherwise they are bound to 

serve current strategies.  

The design and subsequent development of a microcomputer-based Decision Support System 

(DSS) is discussed in (Moynihan, 1995). It utilizes heuristic simulation techniques to plan 

logistics and distribution activities at the strategic level, and to measure their impact on overall 

corporate profit. The system provides a deterministic tool to simulate multi-echelon networks 

composed of multiple product categories and transportation modes, involving both single and 

mixed product orders. The model is validated within two case studies and by use of domain 
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experts. The DSS tool is called Sm2ILE (Simulation Model for Marketing and Integrated 

Logistic Environments). Although it has some features of a DSS (like what-if analysis) it neither 

creates the alternatives nor supports comprehensive analysis of them. Also, the main focus of 

their work was on manufacturing and shipping of products. 

In (Fragidis, 2005), the relationship between strategic decision support systems and information 

systems is discussed. They describe the implications for the development of information systems 

that support business strategy and indicate some progress that has been made with respect to 

these implications in the field of decision support systems. As the authors claim, information 

technology has the potential to increase the amount of information available for decision making. 

However, the propagation and analysis of information is not enough for successful strategic 

management, because it is in fact a multifarious process that involves much more than the 

analysis of hard data. The design of information systems that support business strategy should 

recognize the complexity and diversity of the process, which reflect the idiosyncratic preferences 

of organisations and strategists. A clear model or architecture is not proposed in this paper. 

A strategic business intelligence system named PUZZLE is proposed in (Rouibah, 2002), based 

on exploratory research. It supports managers in practice to better handling weak signs and to 

ensure success of the business strategy. Singh, Watson and Watson (Singh, 2002) propose an EIS 

for the support of the strategic management process. However, they take a normative approach 

and base the process on the premises of the strategic planning model. Taking into consideration 

(Mintzberg, 1998), such a framework is very restrictive and cannot support the overall needs of 

the complex strategy process (Fragidis, 2005). 

2.2.3 Summary 

In this section, a comparison of the methods discussed in the previous section will be presented. 

The criteria for comparison are: Modelling approach, Scope and time horizon, Planning variables, 

Planning constraints, Planning objectives, Method, Validation, Tool support, and Type of 

decision support provided. Table  2.1 shows this comparison for the most relevant researches 

discussed earlier. 

 



  

21 

 

 

Table Table Table Table  2222....1111    Analysis of the related strategic decision support systemsAnalysis of the related strategic decision support systemsAnalysis of the related strategic decision support systemsAnalysis of the related strategic decision support systems    

Criterion 
 
 

Paper 

Modelling 
approach 

Scope and time 
horizon 

Planning 
variables 

Planning 
constraints 

Planning 
objectives 

Method Validation Tool 
support 

Type of 
decision 
support 

A web-based decision 
support system for 
waste disposal and 
recycling (Bhargava, 
1997) 

solving a 
complex 
mathematica
l 
optimization 
model 

optimize the travel 
costs and payoffs 
involved in the 
recycling or disposal 
of the waste, 
assumes linear 
relationship 

Recycling 
services, 
travel 
route, 
items been 
dropped  

All items are 
disposed and 
all stops are 
visited once 

Maximize 
total pay-off 

integer 
programmin
g 

Yes, through 
a case study 

Yes Compare 
with two 
heuristic 
models; 
lazy and 
greedy  

A web-based decision 
support system for 
waste lube oils 
collection and 
recycling (Repoussis, 
2009) 

manage 
reverse 
logistical 
planning 
problems  

Fleet management 
system 

Collection 
points, 
waste 
amounts 

Same as 
Travelling 
Salesman 
Problem 

Finding 
shortest 
paths and 
scheduling 

Optimizatio
n methods 

Yes, through 
a case study 

Yes, 
web-
based 

None 

Strategic Decision 
Support for 
Brownfield 
Redevelopment 
(Chen, 2007) 

Two level 
model: 
SWOT and 
MCDM 
(AHP) 

Strategic decision for 
brownfield 
redevelopment 

Resulted 
from 
SWOT, 
defined by 
stakeholde
rs 

None Finding best 
alternative 

SWOT + 
AHP 

Yes, through 
a case study 

None None 

AI-based decision 
support tool for 
strategic decision 
making (Jackson, 
1992) 

qualitative 
frame-based 
knowledge 
representatio
n 

Modeling the 
domain knowledge 

None None None CRL 
(modeling 
language) 

None Yes, 
KASPE
R 

 

An optimization-
based decision 
support system for 
strategic planning in a 
process industry: The 

Modeling 
the process 
industry as 
smaller 
manufacturi

Production 
management, linear 
model 

materials, 
facilities, 
activities, 
storage 
areas and 

material 
balances, 
facility 
capacities, 
storage area 

maximizing 
the nominal 
or 
discounted 
net profit 

linear 
programmin
g 

Yes, through 
a case study 

None None 
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Criterion 
 
 

Paper 

Modelling 
approach 

Scope and time 
horizon 

Planning 
variables 

Planning 
constraints 

Planning 
objectives 

Method Validation Tool 
support 

Type of 
decision 
support 

case of a 
pharmaceutical 
company in India 
(Dutta, 2007) 

ng units/ 
machines 

time 
periods 

capacities, 
and bounds 

Exploring Decision 
Support and Strategic 
Project Management 
in the Oil and Gas 
Sector (Asrilhant, 
2004) 

Mapping 
strategic 
elements to 
techniques 

Project management None None None Interview 
with domain 
experts 

None None None 

Decision support 
system for strategic 
logistic planning 
(Moynihan, 1995) 

simulate 
multi-
echelon 
networks  

Planning logistics 
and distribution 
activities at a 
strategic level 

Variables 
related to 
manufactur
ing, 
selling, 
marketing 
and 
distributin
g products 

maximum 
lead time 

Optimizing 
the costs 

cost-
minimizatio
n matrix 

Yes, through 
a case study 

Yes Yes, by 
providing 
profitabili
ty 
analysis 

Adapting modern 
strategic decision 
support tools in the 
participatory strategy 
process—a case study 
of a forest research 
station (Leskinen, 
2006) 

Two level 
analysis: 
SWOT + 
MCDM 
(AHP) 

Strategic planning 
with insight to 
operational level 

None None Prioritizing 
the 
alternatives 

SWOT + 
AHP 

Through a 
case study 

None None 
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To summarize, a coherent decision support methodology with the following features cannot be 

found in the literature: 

• Quantitative analysis of strategic decisions 

• Systematic integration between strategic and tactical (or operational) level decisions 

• Suggesting new strategies for achieving the intended goals 

Most researches focus on analyzing the alternatives created by the user, while creating 

optimized solutions and supporting them by multiple analyses helps the user make more 

effective decisions. 

 Quantitative cost-benefit analysis of services  2.3

2.3.1 Background 

A business company or person often faces a decision situation in which a cost-benefit analysis 

(CBA) of a business specification needs to be performed before an appropriate decision can be 

made or a proper action can be taken (Liu, 2003). The business specification can be a strategy, 

service, scenario, or any other “business entity” which is associated with a cost and benefit 

according to the company goals. It is important to have a quantitative way to calculate the costs 

and benefits of a specification, in order to compare with the alternative specifications (Liu, 2003). 

2.3.1.1 Scenario-based planning 

The term scenario, which was originated in the performing arts, refers to an outline or synopsis 

of a film or story. In the decision making context, it is defined as an internally consistent story 

about the events related to a decision that might happen over time (Kirkwood, 1996). 

Scenarios are used as a management tool for identifying a plausible and dynamic future (Ahmed, 

2010). Scenarios have also been defined in many other ways: a story with a focused description 

of a fundamentally different future (Schoemaker, 1993); that is plausibly based on analysis of the 

interaction of a number of environmental variables (Kloss, 1999); that improves cognition by 

organizing many different pieces of information (Desmarais, 2000); and that is analogous to a 

‘what-if’ story (Tucker, 1999). Scenario management facilitates proactive decision making by 

analyzing the outcomes of different scenarios. 
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2.3.1.2 Bayesian belief networks 

Bayesian networks are widely used for representing and reasoning with uncertain knowledge 

(Fenton, 2001) (Ibrahim, 2009) (Fenton, 1999) (Heckerman, 1997). They provide a compact, 

graphical representation of the joint probability distribution over the variables of a domain 

(Shirazi, 2009). Various types of Bayesian networks have been studied since 1920’s, such as 

causal network, causal probabilistic network, graphical probability networks, belief network, and 

influence diagram (Fenton, 2001).  

A Bayesian belief network (BBN) is a directed acyclic graph consisting of nodes and arcs with a 

conditional probability distribution associated with each node (Heckerman, 1997). Nodes 

represent domain variables, and arcs between nodes represent probabilistic dependencies 

between them. Bayesian propagation is used to update the probability distributions as new 

evidence is entered into the BBN (Fenton, 2009). 

Basically, there are three types of variables in a BBN model: input, internal, and output. The 

internal variables connect the input variables to the outputs, as illustrated in Figure  2.1. Each 

variable normally contains several states, though more variations can be considered, e.g. normal 

distribution, formula etc. The value of the input variables is encoded as a probability distribution 

among the states, which is calculated from the data and domain knowledge. Calculating the 

values of the internal and output variables needs additional information, which are entered to the 

model as probability tables.  

 

Figure Figure Figure Figure  2222....1111    General structure of a BBN modelGeneral structure of a BBN modelGeneral structure of a BBN modelGeneral structure of a BBN model    
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2.3.2 Literature review 

The design and implementation of a general purpose cost-benefit evaluation server (CBES) for 

supporting decision making in e-business was presented in (Liu, 2003). It allows the user to 

assign preference scores to values and value ranges, thus, evaluate a business specification that 

contains a number of value combinations. CBES provides a few build-time GUI tools for 

capturing preference and cost information from different decision makers and a run-time engine 

to evaluate business specifications based on the subjective preference scoring methods and 

aggregation functions selected by different decision makers. The input to CBES is a business 

specification of the business object being evaluated. A specification can have a number of 

alternative value combinations, each of which is a set of [attribute, value] pairs. These value 

combinations are evaluated by CBES resulting in their corresponding cost-benefit indicators. The 

shortcoming of this paper is the lack of decision support features. 

(Nanazawa, 2009) presents a mathematical model for multi-objective optimization (MOP) in 

third party logistics, using Pareto optimal solutions (POS). The model defines an optimal set of 

distribution costs and service levels constituting a trade-off relation. An analogy to the concept 

of the indifference curve in the field of economics is discussed. Numerical experiments for a 

simplified problem are performed, demonstrating an increasing process of the utility of logistics. 

Two objective functions are defined: one representing distribution cost, and one representing 

service level. A trade-off relation is realized by optimizing the two functions simultaneously.  

A techno-business modeling approach for quantitative analysis of services and platforms is 

discussed in (Zoric, 2011). It “reinterprets” the business models by service platforms’ technical 

and business entities, processes and scenarios. It describes the roles, responsibilities and 

incentives of collaborating business actors in service delivery and provision, and uses them in 

business analyses and valuations. The approach is explained theoretically and its practical 

potential is illustrated. The authors believe that the value of business models increases when 

supported by well-founded quantitative (e.g. financial) estimates. 

Fenton et al. in (Fenton, 2009) consider trade-offs that may be made during project among time, 

cost and quality. They use Bayesian networks to model this trade-off. The purpose is to provide a 

quantitative model for trade-off analysis in project risk management. They have listed and 
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discussed a set of axioms which describe the relationships between key project attributes: 

resources, process quality, functionality and project quality. These axioms define the most 

expected outcomes when one or more of these factors change. The authors conclude that using 

BBN to quantify trade-off is applicable to variety of large projects.  

In another work by Fenton and Neil (Fenton, 2001) a generic decision making procedure is 

proposed for reasoning under uncertainty. They use BBN and multi-criteria decision making 

(MCDA) in a complementary way. The procedure consists of identifying the objective and 

perspective for the decision problem, as well as the stakeholders. This, in turn, leads to a set of 

possible actions, a set of criteria and constraints. Their work is mainly focused on decision 

making while in our method the decision support is pursued. 

A hybrid model, composed of the analytic hierarchy process (AHP) and BBN, is proposed in 

(Ibrahim, 2009) to evaluate and rank various COTS (Commercial Off-The-Shelf) candidates 

while explicitly considering uncertainty. They apply sensitivity analysis to check the validity and 

robustness of the model. Further, trade-off analysis is used to explore the impact of relaxing one 

criterion in order to achieve an increase in another criterion that is considered as more desirable 

in a particular project context. The BBN model mainly addresses the problem of having 

incomplete and inaccurate information about COTS candidates. AHP is used during the 

evaluation process to rank various candidates as well as to address inconsistency possibly 

existing in COTS candidates’ information during the uncertainty management. A digital library 

system is used as a case study to illustrate how the proposed trade-off and sensitivity analysis 

was performed. Authors conclude that trade-off diagrams are useful to determine the 

consequences of different decisions in terms of to what extent they compromise the satisfaction 

of various criteria. 

In (Shirazi, 2009), a framework for combining causal Bayesian analysis and optimization is 

presented to address the challenge of optimally balancing competing demands from multiple 

engagements on a limited supply of skill resources in service delivery business. The framework 

integrates the identification and modeling of the impact of various staffing factors on the delivery 

quality of individual engagements, and the optimization of the collective adjustments of these 

staffing factors, to maximize overall delivery quality for a pool of engagements. They describe a 

prototype system built using this framework and actual services delivery data from IBM's IT 
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consulting business. Their framework is designed to achieve short-term delivery optimization in 

two steps: 1) identify and model the impact of various staffing factors on the delivery of 

individual projects, and 2) using the model derived in step 1 to collectively adjust staffing factors 

at the individual project level to maximize an overall business objective. In particular, causal 

Bayesian networks (CBN) is used to identify the delivery models in the first step, and 

optimization in the second step by treating each active project as an instance of the CBN model. 

There are some limitations in their framework. For instance, for causal modeling, they have only 

explored methods that use the data in a static manner. Since project delivery records are temporal 

in nature, the temporal relationships could be exploited to improve causal analysis. 

2.3.3 Summary 

To summarize, our research addresses the following gaps in the literature: 

• Most cost-benefit frameworks focus only on the optimization problem and lack the 

decision support features. 

• The BBN model is created from the history data (or domain knowledge) and remains 

fixed as the time goes on. So, the reliability of the results becomes a question that those 

methods did not answer. 

• The combination of BBN and optimization has been addressed in some works. However, 

each module is treated separately and there is no real integration between them in the 

sense of analyzing the alternatives simultaneously with both aspects. 

• BBN has been mainly used as a decision analysis tool, despite of its capability of 

suggesting new solutions. The goal-seek search, also known as backward search or 

backward propagation, has been overlooked in many BBN studies. And the methods that 

implement it usually offer only one scenario as the solution, or are not scalable to large 

models. 

• Analyzing the outputs of the BBN model is difficult when there are multiple outputs with 

multiple states for each.  
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 Operational planning of logistic services 2.4

2.4.1 Background 

2.4.1.1 Logistics services 

According to (Rafele, 2004), logistics is “part of the supply chain process that plans, implements, 

and controls efficient, effective flow of storage and good, services and related information from 

the point of origin to the point of consumption in order to meet customer’s requirements”. 

Logistics service providers are professionals that serve clients like manufacturers, raw material 

suppliers, distributors, retailers, and shippers within the supply chain. The pressure on logistics 

service providers in operating a business is getting heavy due to the continuous increase in 

demand of clients (Chow, 2005). It is therefore necessary for logistics service providers to 

formulate business strategies from the knowledge perspective in order to keep distinctive 

competitiveness advantage in such a changing market environment (Davenport, 1996).  

Modern logistics systems are large and complex, with a huge information flow. In particular, 

application of modern information logistics network system expands the scale of the original 

database constantly. This results in a huge data flow, so that it is difficult for the enterprises to 

collect accurately and efficiently and handle timely these data (Wu, 2012). 

Data mining technology can help the companies in management of the logistics information 

system regarding the following aspects (Wu, 2012): 

• Collecting and analyzing customer, market, sales and all kinds of inner information of the 

whole enterprise timely and accurately; 

• Analyzing the customer behavior and interests, and market trends effectively; and 

• Providing targeted product and services to customers, which enhances the variety of 

customers’ satisfaction on business and product. 

2.4.1.2 Hybrid prediction methods 

With the increasing rate of information stored in databases, the development of efficient and 

effective tools for extracting the knowledge from these data has become an increasingly 

important task for researchers in the areas of databases, statistics, machine learning, and data 
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visualization (Han, 1998). Usually the volume of such databases makes manual analysis very 

difficult. Data mining addresses this problem by extracting implicit, previously unknown, and 

potentially useful information from data using a set of processes performed automatically (Han, 

2006). Research fields such as statistics and machine learning contributed greatly to the 

development of various data mining and knowledge discovery algorithms. The objectives of 

these algorithms include pattern recognition, prediction, association, and clustering (Witten, 

2005) (Patil, 2010).  

Hybrid data mining methods, which combine clustering and classification techniques, can 

improve the performance of single clustering or classification when running on large datasets 

(Tsai, 2009). Usually, they are composed of two learning stages, in which the first one is used for 

processing the data and the second one for the final prediction output (Lenard, 1998) (Jain, 1999). 

Lenard et al. (Lenard, 1998) consider two types of combination: clustering as the processing step 

(or outlier detection) and then classification for prediction; or in the opposite order, using 

classification to classify the training set and then clustering each set for future predictions. 

Choosing the right learner and combination depends on the type of the application and needs to 

be examined in practice.   

2.4.1.3 Waste prediction 

Environmental pollution and sustainability have motivated the industries in the area of waste 

management to offer several disposal services, such as solid waste, recycling, compost etc. The 

increasing trend in consumer production has made the waste generation process shorter 

(Márquez, 2008). These factors prompt for a dynamic and efficient waste management process, 

especially in the fast growing urban areas.  

Estimating the generated waste amount is an important factor in the waste management process, 

as it is used when planning the resources, such as staff and vehicles. Making more accurate 

estimations will likely lead to a plan with optimized cost. However, achieving the anticipated 

prediction accuracy faces several challenges, such as changing in recycling behaviors, 

introduction of new recycling programs, and growth in population and waste generation.  

Several factors are considered in the literature of waste prediction, such as demographic (Bruvoll, 

2001) and socioeconomic (Bandara, 2007) (Purcell, 2009). However, traditional waste prediction 
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models mainly work on a per-capita basis, which are normally multiplied by a coefficient when 

planning for a certain time period or geographical area. The problem with those approaches is 

that the waste collection plans cannot be customized for a certain demographic or geographic 

area.  

Different statistical approaches have been studied, such as geometry average, saturation curve, 

least-squares regression, and curve extension. While they are efficient and produce accurate 

results for structured problems, their performance drops when the records in the dataset deviate 

too much. This happens when the model is applied to a large urban area including the 

neighborhoods with various demographics and waste production patterns. 

The development of a reliable and customizable waste prediction model which supports the 

dynamicity of the domain would advance a waste management process. 

2.4.2 Literature review 

A hybrid prediction model for prediction of Type-2 diabetic patient is proposed in (Patil, 2010). 

Simple k-means clustering algorithm is used to validate chosen class label of given data and then 

C4.5 algorithm is used to build the final classifier model by using the k-fold cross-validation 

method. The Pima Indians diabetes data set from the University of California at Irvine (UCI) 

machine learning repository were used by the authors. They reached to maximum accuracy of 

92%. The main difference between this work and ours is that this model is dedicated to 

classification based on nominal values while our model predicts the actual numerical amount. 

In (Tsai, 2009) two different hybrid data mining techniques are proposed using neural networks 

to examine their performances for telecom churn prediction. In particular, back-propagation 

artificial neural networks (ANN) and self-organizing maps (SOM) are considered. Consequently, 

ANN&ANN as well as SOM&ANN hybrid models are developed, in which the first component 

of the hybrid models aims at filtering out unrepresentative data or outliers. Then, the 

representative data as the outputs are used by the second component to create the prediction 

model. Their experimental results show that the two hybrid models outperform the single neural 

network baseline model in terms of prediction accuracy. Among the two models, the former 

(ANN&ANN) does better than the latter. They report the accuracy of 90% in their paper. 

However, there is a difference between their approach in building the hybrid model and ours. 
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They remove the misclassified instances in the first round of training while we keep all the 

instances during the training and testing processes.  

In (Goia, 2010) a hybrid method based on k-means clustering and functional data analysis is 

proposed to approach a specific problem in short-term forecasting in a district-heating system. A 

family of functional linear models, selected by cluster means from the k-means clustering, has 

been used to make peak load forecasts. The daily peak of heating demand is predicted on the 

basis of the “load curve” of the previous day. To make forecasts they assign new load curves to 

clusters, applying a functional discriminant analysis. Unlike ours, their method uses unweighted 

attributes. 

A hybrid prediction method is presented in (Grieu, 2005) for prediction of physicochemical 

parameters based on neural networks. First, k-means clustering is applied to optimize the number 

of clusters (classes). Then for each cluster principal component analysis (PCA) is done in order 

to reduce the number of network inputs in the next level, called multi-level perceptron (MLP) 

learning. The result of the MLP phase is the final prediction output. Accuracies ranging from 80% 

to 85% are reported in the paper. The attributes are not weighted in their approach as opposed to 

ours. Also, it would be interesting to see the performance of their method on large datasets. 

A two level clustering-based method for power prediction is presented in (Kusiak, 2010) for 

short-term prediction of power produced by a wind turbine at low wind speeds. In the first level, 

k-means clustering is applied to classify the data. Then, a neural network is applied to each 

cluster to make the prediction. Again, un-weighted attributes are used in their method. But, we 

evaluate the impact of weighting on the prediction accuracies too.  

A prediction model for biodegradable municipal waste (BMW) generation is presented in 

(Purcell, 2009). It studies a diverse ‘landscape’ of residential areas, as well as a variety of 

commercial establishments (restaurants, hotels, hospitals, etc.) in the Dublin region in Ireland. 

Socio-economic variables, housing types, and the sizes and main activities of commercial 

establishments were hypothesized as the key determinants contributing to the spatial variability 

of BMW generation. Although the dataset and the distribution of waste based on the attributes 

are discussed in depth in the paper, the prediction results themselves and their impact are not 

addressed in detail. 
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In (Daskalopoulos, 1998) the municipal solid waste (MSW) is correlated with the corresponding 

figures for the gross domestic product (GDP) and population. The typical composition of MSW 

has been expressed in terms of the fraction of the total consumer expenditure on goods and 

products resulting in the generation of MSW, i.e. related total consumer expenditure (RTCE). A 

polynomial model linking RTCE to GDP has been developed and utilised to estimate the 

amounts of the individual fractions in the total MSW generated.  

A causal model using system dynamics is presented in (Dyson, 2005) for the prediction of solid 

waste generation in the city of San Antonio, Texas (USA). The analysis presents various trends 

of solid waste generation associated with five different solid waste generation models using a 

system dynamics simulation tool- Stella®. Although the model was claimed to act better than 

linear regression, no comparison and/or accuracy of the model was presented. 

A strategy of household waste data analysis is proposed in  (Márquez, 2008). A cluster analysis 

and a tree classifier, constructed using the clustered data, were presented. An analysis of the 

decision tree allowed translating the resulting tree in a set of production rules. After the 

interpretation of these rules, they were able to predict an environmental behavior, based on the 

information about waste generation and the questionnaire answers. Their approach is useful for 

classification (nominal values) while in our predicting method the numerical values are estimated. 

Other studies have been conducted to predict waste generation rates, or waste-related human 

behaviour, attitudes and awareness, based on numerous elements (Taylor, 1995) (Chan, 1998) 

(Barr, 2001) (Emery, 2003) (Clarke, 2006). Some common deficiencies in the previous works 

are small size of the data, lack of measuring the accuracy or low accuracy of the prediction 

model, and not addressing the issues with the implementation of the models.  

2.4.3 Summary 

Studying the literature on hybrid prediction methods shows that most of the existing works 

consider the data pre-processing (e.g. outlier detection, invalid or missing data fixing) as the first 

step of hybrid prediction and only a few studies actually perform the prediction over two steps. 

The latter works, which are closer to our study, often are not extensible to large datasets or 

restricted to specific applications. In addition, most of these methods assume that the attributes of 

the dataset influence the target attribute (attribute to be predicted) with the same weights. But, as 
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we will show in this research, using weighted attributes will improve the accuracy of the 

predictions. 

A few hybrid models have been studied in the literature for waste prediction. Some of the models 

can be used only for classification of the input data set while this research aims at predicting the 

actual value of the target attribute.  

Table  2.2 summarizes the above hybrid prediction methods and their difference to our work. For 

each one, the application, methodology, and the case study results reported in each paper 

(including size of the dataset (number of records), number of attributes, and the average accuracy 

of predictions), and finally the difference to our work is listed. 

Table Table Table Table  2222....2222    Analysis of the related hybrid prediction methodsAnalysis of the related hybrid prediction methodsAnalysis of the related hybrid prediction methodsAnalysis of the related hybrid prediction methods    

Paper Application Methodology Size of 

the 

dataset 

Number of 

attributes 

Accuracy Difference to our work 

(Patil, 
2010) 

Diabetic patient 
recognition 

k-means to 
cluster the data 
and then C4.5 for 
final 
classification 

768 9 92% Classification algorithm 
not predicting the 
numerical value, un-
weighted attributes 

(Tsai, 
2009) 

Telecom churn 
prediction 

Artificial Neural 
Network and self-
organizing maps 

37454 Not 
reported 

90% Un-weighted attributes, 
misclassified instances 
are removed in the first 
level 

(Grieu, 
2005) 

Prediction of 
physicochemical 
parameters 

k-means 
clustering, then 
principal 
component 
analysis (PCA), 
and then multi-
level perceptron 
(MLP) learning 

75 Not 
reported 

80% Un-weighted attributes, 
small dataset 

(Goia, 
2010) 

Short-term 
forecasting in a 
district-heating 
system 

k-means 
clustering and 
functional linear 
models 

19008 Not 
reported 

90% Un-weighted attributes 

(Kusiak, 
2010) 

Short-term 
prediction of 
power 

k-means 
clustering and 
neural networks 

46214 5 89% Un-weighted attributes 

(Purcell, 
2009 

Prediction of 
waste generation 
behavior 

k-means 
clustering and 
c4.5 classifier 

360 26 80% Classification algorithm 
not predicting the 
numerical value, un-
weighted attributes 
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Chapter 3 DECISION SUPPORT FOR STRATEGIC PLANNING OF LOGISTIC 

SERVICES 

 Introduction 3.1

A decision support methodology for strategic planning of logistic services, named SPGBA, is 

proposed in this chapter. This methodology forms the strategic layer of the overall decision 

support methodology for strategic and operational planning of logistic services.  

Scenario planning is used as the core technique for supporting the strategic decisions. There are 

two gaps in the literature (see Section  2.3 for more details) of scenario planning: 

• Lack of an automated method for generating scenarios for a given constraints on the 

system variables (input or output) 

• Lack of an automated method for prioritizing the scenarios when there are multiple 

criteria for ranking  

When the size of the decision problem is small (around 10 variables) the lack of an automated 

method is not critical. However, this approach is not practical for larger models. 

The SPGBA method addresses the above gaps, by answering the following research question 

(from  Chapter 1): 

• RQ1: How does a decision support methodology impact the efficiency and effectiveness 

of strategic planning for logistic services, when using scenario-based planning?  

The above research question is divided into the following research questions: 

• RQ1-1: Designing a scenario analysis method that evaluates the service scenarios with 

their impact on overall cost and benefit of the services 

• RQ1-2: Designing a search-based method for automatic generation of service 

implementation scenarios 

• RQ1-3: Designing a multi-criteria prioritization method to rank the service scenarios 

automatically based on the user preferences 
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The structure of this chapter is as follows. In the next section, the basic concepts such as the 

logistics services and strategies will be explained. Then, an overview of the proposed solution 

will be presented in Section  3.3. The model-based scenario analysis will be discussed in 

Section  3.4. The proposed method for search-based scenario generation will be explained in 

Section  3.5. Finally, the multi-criteria scenario prioritization will be addressed in Section  3.6. 

 Basic concepts 3.2

There are four basic concepts which are used in the SPGBA method:  

• A set of logistic services {LS1 … LSK},  

• A set of system variables {SV1 … SVN}  

• A set of strategies {ST1 … STM} 

• A set of scenarios {SC1 … SCL} according to strategy STi and service LSj 

These concepts are the defined in this section. 

3.2.1 Logistic service 

The logistic services as considered in this thesis have the following characteristics: 

• There are certain costs and benefits associated with each service. 

• The customers of the services are known to the decision maker. 

• The operational resources, including vehicles, need to be fulfilled for each service. 

• Each vehicle provides the service to certain customers in a certain geographical area.  

Examples of the logistic services include waste and recycling collection, postal services, product 

distribution, street snow removal, etc.  

3.2.2 System variable 

Definition 3.1. A system variable is a single, coherent, and measurable piece of 

information which is used in the decision making process.  

A system variable can be decisional or environmental. The decisional variables are supposed to 

be configurable by the decision maker whereas the environmental variables are imposed to the 

decisions. The latter are included in the model in order to evaluate and optimize their impact on 
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the overall cost and benefit of the services. Examples of system variables are technology factors, 

human resource, policy, and demand on the services. 

3.2.3 Strategy 

The goal of the strategic layer is to support strategic decisions. A strategy may be specific to a 

certain service or services, or applied to all of the services offered. In either case, it is defined 

as  Definition 3.2. 

Definition 3.2. A strategy is a unique assignment of certain system variables to specific 

values.  

For example, a strategy can be the investment on technology or a training program to increase 

the staff productivity.  

3.2.4 Scenario 

A strategy, as in  Definition 3.2, assigns some of the system variables to specific values and 

leaves the decision open for the rest of the variables. However, evaluating a strategy would need 

the value of all of the system variables. Therefore, the concept of scenario is added, which 

integrates the strategy and service. It was defined in  Definition 1.1. 

Scenario plays an important role in the strategic layer by providing a better understanding of the 

potential consequences of the decisions. It helps design improved alternatives to address the 

uncertainty of the decisions. The assumption here is that the scenarios can be evaluated in term 

of their impact on cost and benefit, using the history data and domain knowledge, at the time of 

strategic planning. Several scenarios may be defined and evaluated for a certain strategy and 

service.  

 Overview of the SPGBA method  3.3

The overview of the SPGBA method is illustrated in Figure  3.1. The core of the method is the 

model-based scenario analysis component, which provides the cost and benefit values for the 

service scenarios. The other two components are: search-based scenario generation and multi-

criteria scenario prioritization. The details of the components will be discussed in the next 

sections.  
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Figure Figure Figure Figure  3333....1111    Overview of the SPGBA methodOverview of the SPGBA methodOverview of the SPGBA methodOverview of the SPGBA method    

 Model-based scenario analysis 3.4

A model-based scenario analysis method is discussed in this section to analyze the consequences 

of the service scenarios. It addresses the following research question, raised at the beginning of 

this chapter: 

• RQ1-1: Designing a scenario analysis method that evaluates the service scenarios with 

their impact on overall cost and benefit of the services 

The methodology includes three main components, as illustrated in Figure  3.2: cost-benefit 

model, cost-benefit analysis, and sensitivity analysis. The input is a service scenario, which is 

either suggested by the user or generated automatically by the scenario generation component 

(see Section  3.5). The outputs are the values for cost and benefit, as well as the sensitivity of the 

model to the variables in the scenario.  

The cost-benefit analysis component uses the cost-benefit model for estimating the cost and 

benefit of a user scenario or a sensitivity scenario (the sensitivity scenarios are automatically 
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generated by the system to measure the sensitivity of the cost and benefit to an input variable; 

see Section  3.4.3 for more details). The cost-benefit model encodes the relationship among the 

system variables and is created from the domain knowledge. The details of the components will 

be discussed in the next sub-sections. 

 

Figure Figure Figure Figure  3333....2222    ModelModelModelModel----based scenario analysisbased scenario analysisbased scenario analysisbased scenario analysis    

3.4.1 Cost-benefit model 

The cost-benefit model is used to encode the domain knowledge in the decision making process 

and evaluate a service scenario in terms of cost and benefit values. The cost-benefit model for 

logistic services is considered as a function with certain inputs and outputs, as illustrated in 

Figure  3.3.  
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Figure Figure Figure Figure  3333....3333    CCCCostostostost----benefitbenefitbenefitbenefit    model for logistic servicesmodel for logistic servicesmodel for logistic servicesmodel for logistic services    

The inputs are a set of influencing factors, including: 

• Technology: factors derived by the technology, such as efficiency and speed of the 

equipment 

• Human: factors impacted by the human, such as productivity of the staff, level of 

expertise 

• Policy: certain policies which need to be obeyed, such as level of the services offered (e.g. 

frequency of the service offered in a time period) 

• Design: factors impacted by the design of the logistic service, such as size of the service 

areas 

• Demand: the demand on the services plays an important role as it determines the scale of 

the resources needed to provide the services 

• Constraints: constraints on budget and other resources, limitations 

Each of the above factors may contain several variables or be presented in the model as one 

variable, aggregating them. The cost-benefit model presents the mindset of the decision maker 

and this includes the connection of the influencing factors to each other and towards the outputs 

of the model. The connection part includes the intermediate factors such as productivity, 
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resources, and the operation. Each intermediate factor is defined by combining some influencing 

factors. For example, the productivity is influenced by the human, environment, and demand. 

Again, the exact definition of the intermediate factors, and how they are calculated based on the 

influencing factors, depend on the application, and are supposed to be created from the domain 

knowledge. 

The cost-benefit model measures the impact of the influencing factors on overall cost and benefit 

of the services. Cost and benefit are the outputs of the model and are called impacts. In addition 

to the impacts, some measurement factors are considered. They are not necessarily the outputs of 

the model, but provide additional evaluations on the scenario. Factors such as intermediate costs 

of staff and vehicles, efficiency, and quality of the services may be measured separately from the 

output variables.  

3.4.1.1 Bayesian belief network as cost-benefit model 

As discussed in  Chapter 2, Bayesian belief networks (BBN) have been widely used as the 

decision making tool, especially when uncertainty is involved with the decisions outcomes 

(Fenton, 2001). However, using BBN in logistic services has not been investigated as much as 

other domains such as software engineering. We use BBN as the cost-benefit model, because of 

the following reasons: 

• It incorporates the domain knowledge in the decision making process. 

• The concept of scenario is supported inherently in BBN. 

• It can be created with coarse-grained and even partial information. 

• It provides the decision support features, e.g. scenario analysis, sensitivity analysis. 

To create a BBN model, data and knowledge need to be acquired from the domain. Separate 

models can be created for each logistic service, or one unified model for all services. In either 

way, once the BBN model is created, a fundamental analysis can be performed: scenario analysis. 

In scenario analysis, the input variables are assigned to certain values and the model calculates 

the probabilities for the output variables. This view is aligned with the logistic model of 

Figure  3.3. 

The strategies defined by the user can be evaluated with two different methods: 
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• Considering the strategy as a complete scenario, even though some variables may not be 

assigned to any certain value and be left as their default value � therefore, only one 

scenario is generated from the strategy. 

• Considering the strategy as a partial scenario and examining the combinations of the 

other variables (which are not set by the strategy) � therefore, multiple scenarios are 

generated from the strategy. 

Both of the above cases are considered in the SPGBA method. 

3.4.1.2 Illustrative example 

An example of a BBN model for a hypothetical postal service is illustrated in Figure  3.4. Four 

influencing variables are considered: training of drivers (Training), overhead work for the drivers 

(Overhead), speed of the vehicles (Speed of vehicles), and Workload per vehicle.   

 

Figure Figure Figure Figure  3333....4444    Example of a BBN model for postal service Example of a BBN model for postal service Example of a BBN model for postal service Example of a BBN model for postal service ––––    causal modelcausal modelcausal modelcausal model    

There are three intermediate variables, as follows: 

• Productivity of drivers: increases with higher level of training and decreases with 

overhead (unplanned) work for the drivers. 

• Productivity: a factor of productivity of the drivers and speed of the vehicles, increases 

positively with increasing any of them. 

• Vehicles and drivers: the number of required vehicles and drivers decreases with higher 

productivity, or workload per vehicle.  

The goal of this model is to measure the impact of the influencing variables on cost and quality 

of the services, with the following relations: 
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• Cost increases with the training programs, speed of vehicles (technology factor), and 

more vehicles/drivers.  

• Quality increases with higher productivity, and decreases with higher workload per 

vehicle. Although the cost and quality are the main factors to be measured, additional 

measurement factors may be considered, such as productivity.  

The model shown in Figure  3.4 expresses the causal relationships between the variables. States, 

probability distributions and probability tables need to be defined for the variables in order to 

make it a working BBN model. Assume each input variable has two states (High and Low) with 

the probabilities shown in Table  3.1. Although the states names are unified among the variables, 

the meaning of them is unique for each. For example, training is measured as the number of 

training hours per month for each driver; 2 hours or more being high and less than 2 hours being 

low. Then, the portion of the drivers having high or low training is measured, here 60% and 40% 

respectively. This information is extracted from the data or directly provided by the domain 

expert. 

Table Table Table Table  3333....1111    Information regarding the input variablesInformation regarding the input variablesInformation regarding the input variablesInformation regarding the input variables    

Input Variable 
 State 

Description 
High Low 

Training 
Meaning 2+ 2- Hours of training per month 

Probability 60% 40% Distribution among drivers 

Overhead 

Meaning 3+ 3- Hours of overhead work per 
week 

Probability 20% 80% Distribution among drivers 

Speed of vehicles 

Meaning 300+ 300- Capacity of servicing, as 
houses per day 

Probability 55% 45% Distribution among vehicles 

Workload per vehicle 

Meaning 250+ 250- Houses per day, according to 
operational plan 

Probability 50% 50% Distribution among 
vehicles/drivers 

 

The rest of the variables are measured as the following: 

• Overhead: 3 hours or more overhead work per week, measured for each driver. 20% of 

the drivers fall in the high and 80% in the low category. 
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• Speed of vehicles: capacity of providing the service to how many houses per day, 

measured for each vehicle. 300 or more means high and less than 300 means low, 55% of 

the vehicles fall in the high and 45% in the low category. 

• Workload per vehicle: the number of houses which need to be serviced by each 

vehicle/driver per day, according to the design of the service areas (see  Chapter 4 for 

details). This is different from the capacity of the vehicles as it depends on additional 

factors like the road conditions, driver skills, etc. In this example, 50% of the 

vehicles/drivers have high workload (250+ houses) and 50% low (250- houses). 

The next piece of information is the states and probability tables for the intermediate and output 

variables. Again, each variable is assumed to have two states (High and Low), as shown in 

Table  3.2. The probability tables are normally filled through processing the history data or 

meeting and discussion with the domain expert. For each state of each variable, all the 

combinations of the incoming links are considered. The above information is required and 

enough to build the BBN model. This model is used as the illustrative example to discuss the 

components of the SPGBA method. 
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Table Table Table Table  3333....2222. . . . Probability tables for the intermediate and output variablesProbability tables for the intermediate and output variablesProbability tables for the intermediate and output variablesProbability tables for the intermediate and output variables    

Training Overhead 
Productivity of drivers 

 Productivity 
of drivers 

Speed of 
vehicles 

Productivity 

High Low 
 

High Low 

High 
High 70% 30% 

 High 
High 90% 10% 

Low 90% 10% 
 

Low 70% 30% 

Low 
High 40% 60% 

 Low 
High 50% 50% 

Low 50% 50% 
 

Low 40% 60% 

         

Productivity 
Workload 
per vehicle 

Vehicles and drivers 
 Productivity 

Workload 
per vehicle 

Quality 

High Low 
 

High Low 

High 
High 40% 60% 

 High 
High 60% 40% 

Low 80% 20% 
 

Low 90% 10% 

Low 
High 60% 40% 

 Low 
High 30% 70% 

Low 90% 10% 
 

Low 50% 50% 

   

Training 
Speed of 
vehicles 

Vehicles and 
drivers 

Cost  

High Low 

High 

High 
High 90% 10% 

Low 60% 40% 

Low 
High 70% 30% 

Low 40% 60% 

Low 

High 
High 80% 20% 

Low 50% 50% 

Low 
High 60% 40% 

Low 30% 70% 

 

3.4.2 Cost-benefit analysis using BBN 

The cost-benefit analysis component uses the cost-benefit model to analyze a scenario with 

respect to the values for cost and benefit. The decision maker normally seeks a comparison of the 

scenarios, which in a BBN model means comparison of the probabilities of the output variables 

(here cost and benefit). The variables in a BBN model have multiple states. Therefore, a function 

F needs to be defined to map each scenario to a point in a K-dimensional Cartesian space (K is 

the number of output variables). For each dimension j (related to output variable SV) of a 

scenario SC, F is defined as Formula  3.1. 
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F�SC, j�:	
��|	i = 1…T�SV�� 	→ ℝ	 Formula Formula Formula Formula  3333....1111    

where T(SV) is the number of states for variable SV and SVi is the probability of variable SV for 

state i. Different functions may be defined for the output variables. 

The mapping function in Formula  3.1 is abstract. A simple concrete form could be the difference 

of the probabilities compared to the default scenario. Another example of this function is the 

weighted sum of the states. The mapping function is assumed to be customized for the target 

application.  

Having function F calculated for all the scenarios, when comparing multiple scenarios, a set of 

points will be achieved. The points represent the basic evaluation of the scenarios and form the 

trade-off graph. The graph is used to recognize the Pareto optimal solutions (Nanazawa, 2009), 

which are defined as in Formula  3.2.  

�∗:	∄	�′|	���′� > ���∗�	
����� > ���∗� ≡ 	∀!, 1 ≤ ! ≤ #: $��∗� ≥ $����	&'(	����� ≠ ���∗�	

Formula Formula Formula Formula  3333....2222    

In this method, where the outputs of the model are cost and benefit values (so, K=2), the operator 

‘>’, which represents the dominance, is defined as in Formula  3.3.  

Point	A	dominates	point	B	if	 

F��78, 79:;� < F��7=, 79:;�	&'(	F��78, >?@?$!;� ≥ F��7=, >?@?$!;��	 

AB	 

F��78, 79:;� = F��7=, 79:;�	&'(	F��78, >?@?$!;� > F��7=, >?@?$!;��		

Formula Formula Formula Formula  3333....3333    

    

We say point A (related to scenario SCA) dominates B (related to scenario SCB) if it has a lower 

F value for cost and higher or equal F value for benefit, or the F values for cost are equal but the 

F value for benefit is higher. In this method cost is minimized and benefit is maximized. 

Two points (or scenarios) are considered equal if their F values are equal according to both cost 

and benefit. In this case, both points are considered as Pareto solutions. 
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3.4.2.1 Illustrative example 

Decision problem 

A hypothetical decision problem is introduced for the postal service example. Assume that the 

decision maker faces a situation in which the quality of the services needs to be increased as the 

result of customer satisfaction survey. And assume that the following strategies are available to 

make it happen: 

• Strategy 1: Training programs for the drivers 

• Strategy 2: Improving the equipment, therefore the speed of the vehicles 

• Strategy 3: Reducing the workload per vehicle 

All of the above strategies are expected to increase the cost and quality. The decision maker 

needs to evaluate each strategy and pick the strategy with the lowest increase on cost and highest 

increase on quality. The strategies are illustrated in Table  3.3 with the potential scenarios for 

each. The scenarios are assumed to be provided by the decision maker. The default strategy 

(scenario 0) shows the current status of the cost-benefit model without any changes to the 

variables.  

Table Table Table Table  3333....3333. Potential strategies to improve the quality and their associated scenarios. Potential strategies to improve the quality and their associated scenarios. Potential strategies to improve the quality and their associated scenarios. Potential strategies to improve the quality and their associated scenarios    

Strategy Scenario 
Training Overhead Speed of vehicles 

Workload per 

vehicle 

High Low High Low High Low High Low 

Default Scenario 0 60% 40% 20% 80% 55% 45% 50% 50% 

Strategy 1 

Training 
programs 
for the 
drivers 

Scenario 1 80% 20% - - - - - - 

Scenario 2 100% 0% - - - - - - 

Strategy 2 
Improving 
the 
equipment 

Scenario 3 - - - - 70% 30% - - 

Strategy 3 

Reducing 
the 
workload 
per vehicle 

Scenario 4 - - - - - - 30% 70% 
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Calculating cost and benefit (quality in this example) 

The BBN model of Figure  3.4 with the associated information on the probabilities, provide a 

basic analysis on the scenarios: computing the probabilities for the output variables, which are 

cost and quality in this example. Each scenario, potentially, ends up to different probabilities for 

the output variables.  

Note: Since the cost and quality are in a trade-off relationship, they are expected to increase or 

decrease simultaneously, but not necessarily with the same ratio. 

Table  3.4 shows the scenarios of the postal service example with their calculated outputs. The 

first line is the default strategy, scenario 0, which leads to (66%, 34%) probabilities for (High, 

Low) states of Cost and (65%, 35%) for (High, Low) states of Quality. The rest of the scenarios 

are related to the strategies and show a variation on Cost and Quality. 

TTTTable able able able  3333....4444. Scenarios and their calculated outputs. Scenarios and their calculated outputs. Scenarios and their calculated outputs. Scenarios and their calculated outputs    

Strategy Scenario 
Cost Quality 

High Low High Low 

Default Scenario 0 66% 34% 65% 35% 

Strategy 1 

Training 
programs 

for the 
drivers 

Scenario 1 68% 32% 66% 34% 

Scenario 2 70% 30% 67% 33% 

Strategy 2 
Improving 

the 
equipment 

Scenario 3 69% 31% 66% 34% 

Strategy 3 

Reducing 
the 

workload 
per vehicle 

Scenario 4 69% 31% 70% 30% 

 

Defining the mapping functions  

In the postal service example, since the output variables have two states, the mapping function 

can be defined as the impact on probability of the High state. So, the following functions are 

defined: 

F�S, Cost� = 	CostCDEFG − CostCDEFI 	 Formula Formula Formula Formula  3333....4444    

F�S, Quality� = 	QualityCDEFG − QualityCDEFI 	 Formula Formula Formula Formula  3333....5555    
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CostCDEFG  is the probability of Cost being High in scenario S and CostCDEFI  for the default scenario. 

Similarly, QualityCDEFG  and QualityCDEFI  are defined for the Quality.  

Comparing the scenarios 

The scenarios are illustrated in Figure  3.5 by their impact on Cost and Quality, calculated by the 

above functions. The numbers on the points are related to the scenarios.  

 

Figure Figure Figure Figure  3333....5555. Cost vs. Quality trade. Cost vs. Quality trade. Cost vs. Quality trade. Cost vs. Quality trade----offoffoffoff    

The following observations are made by comparing the points: 

• Scenario 1 dominates scenario 3, because it has a lower impact on Cost while having the 

same impact on Quality 

• Scenario 4 dominates scenarios 2 and 3 for similar reason 

• Scenarios 1 and 4 are not dominated by any other scenario, so they are Pareto optimal 

solutions (POS) 

The Pareto points are the best scenarios that can be achieved from the strategies. So, the decision 

maker concludes that to increase the quality, efficiently, one of the following strategies should be 

taken: 

• Strategy 1: Training programs for the drivers 

• Strategy 3: Reducing the workload per vehicles � more vehicles are needed 
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The selection of the strategy depends on the decision maker. Here, the scenario evaluation results 

show that with 2% increase in cost, the quality can be increased by 1%. But, with 3% increase in 

cost, 5% is gained towards quality. 

3.4.3 Automatic sensitivity analysis using BBN 

To evaluate a strategy, more than a basic impact on the outputs is needed. For example, 

measuring the robustness of a strategy against future possible changes is an important analysis, 

which is normally performed through a sensitivity analysis. The sensitivity analysis component 

provides an automatic method for measuring the impact of the input system variables on cost and 

benefit.  

In this method, each input variable is set to its states one by one and the impact on the output 

variables is measured. When performing the sensitivity on a variable, the other input variables 

stay unchanged. As a result, ∑ O����PQR  scenarios will be created in total, where n is the number 

of the variables included in the sensitivity analysis and T(SVi) is the number of states for 

variable SVi. Each scenario is called a sensitivity scenario. 

The sensitivity analysis can be performed for different purposes: 

1. Model sensitivity: Performing the sensitivity analysis on the default scenario (initial BBN 

model) to identify the most influential variables � all input variables are included in the 

sensitivity analysis. 

2. Strategy robustness: Performing the sensitivity analysis on a specific strategy to measure 

its robustness to future changes � the pre-set variables in the strategy are not included in 

the sensitivity analysis. 

Both of the above cases are considered in this method. The sensitivity analysis component uses 

the cost-benefit analysis component to calculate the cost and benefit value of a sensitivity 

scenario. The results of this process are a set of scenarios with their associated values for cost 

and benefit. To recognize the variable(s) with the highest impact, a function G is defined as in 

Formula  3.6 by generalizing function F and including all the K dimensions (according to K 

output variables) in the mapping function. 

G�SC�:	
F�SC, j�	|	j = 1…K� 	→ ℝ	 Formula Formula Formula Formula  3333....6666    
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Function G generates a real number for each scenario SC, representing the sensitivity of the 

model to the corresponding input variable, with consideration of all output variables. This way, a 

ranking of the input variables based on their overall impact on the system outputs will be 

achieved. An example of the G function is a weighted average of the F values according to all 

output variables. Function G is assumed to be customized for the target application. 

3.4.3.1 Illustrative example 

A common way of representing the sensitivity is the Tornado graph. The results of the sensitivity 

analysis for the postal service example will be presented for both of the sensitivity methods 

mentioned above. 

Model sensitivity 

The results of model sensitivity analysis are illustrated in Figure  3.6 and Figure  3.7, where the 

impact on Cost and Quality are shown respectively. Since the output variables in the model have 

two states, measuring only the High state is enough. The probability for the Low state is simply 

calculated as (1 - High), therefore the comparison would be unnecessary.   

From the above results, the following observations are made: 

• The speed of vehicles has the highest impact on Cost 

• The workload per vehicle has the highest impact on Quality 

• Overall, the above two variables seem to be the most influential  

 

Figure Figure Figure Figure  3333....6666. Model sensitivity analysis . Model sensitivity analysis . Model sensitivity analysis . Model sensitivity analysis ----    impact on Costimpact on Costimpact on Costimpact on Cost    
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Figure Figure Figure Figure  3333....7777. Model sensitivity analysis . Model sensitivity analysis . Model sensitivity analysis . Model sensitivity analysis ----    impact on Qualityimpact on Qualityimpact on Qualityimpact on Quality    

Strategy robustness 

Recall from Section  3.4.2, where scenarios 1 and 4 (from strategies 1 and 3) were shown to 

dominate the other scenarios regarding Cost and Quality. To help the decision maker choose the 

final strategy, the sensitivity of them is measured, which is an indication of their robustness to 

future possible changes. 

For each scenario, some variables stay unchanged during the sensitivity analysis. They are the 

variables that have been defined in the strategy and scenario. The rest of the input variables are 

varied to create the sensitivity scenarios. 

Here, the results of sensitivity analysis for scenarios 1 and 4 are presented.  

Sensitivity analysis for scenario 1 

In scenario 1, the training is set to (High=80%, Low=20%). As can be seen in Figure  3.8 and 

Figure  3.9, speed of vehicles and workload per vehicle have the highest impact on Cost and 

Quality, respectively, which is similar to the model sensitivity.  
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Figure Figure Figure Figure  3333....8888. Sensitivity analysis for scenario 1 (of strategy 1) . Sensitivity analysis for scenario 1 (of strategy 1) . Sensitivity analysis for scenario 1 (of strategy 1) . Sensitivity analysis for scenario 1 (of strategy 1) ––––    impact on Costimpact on Costimpact on Costimpact on Cost    

 

 

Figure Figure Figure Figure  3333....9999. Sensitivity . Sensitivity . Sensitivity . Sensitivity analysis for scenario 1 (of strategy 1) analysis for scenario 1 (of strategy 1) analysis for scenario 1 (of strategy 1) analysis for scenario 1 (of strategy 1) ––––    impact on Qualityimpact on Qualityimpact on Qualityimpact on Quality    

In addition to identifying the most influencing variable, the margin of the impact is also 

measured as the difference of the lowest and highest probabilities of High state for each output 

variable. Therefore, in scenario 1, as shown in Table  3.5, the margin of Cost and Quality are 19% 

and 27%, respectively. 
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Table Table Table Table  3333....5555. Impact of the most influential variables in scenario 1. Impact of the most influential variables in scenario 1. Impact of the most influential variables in scenario 1. Impact of the most influential variables in scenario 1    

 Cost   Quality 

Speed of 
vehicles 

High Low Workload per 
vehicle 

High Low 

High 77% 23% High 52% 48% 

Low 58% 42% Low 79% 21% 

   

Margin = 19%   Margin = 27%  

 

Sensitivity analysis for scenario 4 

The results of the sensitivity analysis for scenario 4 are shown in Figure  3.10 and Figure  3.11. 

Since the workload per vehicle is set by the strategy as (High=30%, Low=70%), the speed of the 

vehicles has the highest impact on Cost and Quality. The amount of the impact is shown in  

Table  3.6, with the margin being 19% for Cost and 6% for Quality. 

 

Figure Figure Figure Figure  3333....10101010. . . . Sensitivity analysis for Sensitivity analysis for Sensitivity analysis for Sensitivity analysis for scenario 4 (strategy 3)scenario 4 (strategy 3)scenario 4 (strategy 3)scenario 4 (strategy 3)    ––––    impact on Costimpact on Costimpact on Costimpact on Cost    
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Figure Figure Figure Figure  3333....11111111. . . . Sensitivity analysis for scenario 4 (strategy 3) Sensitivity analysis for scenario 4 (strategy 3) Sensitivity analysis for scenario 4 (strategy 3) Sensitivity analysis for scenario 4 (strategy 3) ––––    impact on impact on impact on impact on QualityQualityQualityQuality    

    

Table Table Table Table  3333....6666. . . . Impact of the most infImpact of the most infImpact of the most infImpact of the most influential variables in scenario 4luential variables in scenario 4luential variables in scenario 4luential variables in scenario 4    

 Cost   Quality 

Speed of 
vehicles 

High Low Speed of 
vehicles 

High Low 

High 77% 23% High 73% 27% 

Low 58% 42% Low 67% 33% 

   

Margin = 19%   Margin = 6%  

 

Comparing strategies 1 and 4 

The comparison of the margins, from Table  3.5 and  

Table  3.6, shows a similar variation in Cost for both scenarios (19%). However, they have a 

totally different behavior for Quality. While the Quality varies by 27% in scenario 1, it varies 

only by 6% in scenario 4. Therefore, it is concluded that scenario 4 is more robust than scenario 

1. 

 Search-based scenario generation 3.5

A search-based scenario generation method is proposed in this section, to automatically create 

the service scenarios for the given constraints on the system variables (input or output). It 

addresses the following research question, raised at the beginning of this chapter: 
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• RQ1-2: Designing a search-based method for automatic generation of service 

implementation scenarios 

This method is used for two purposes: 

1. Performing forward search to find the best/worst case scenarios  

The best case scenarios are the Pareto points, defined in Formula  3.2. The worst case 

scenarios are defined by reversing the definition of Pareto optimal solution to select the 

scenarios with highest cost and lowest quality. The best case scenarios indicate the 

potentials of the model (or strategies) and worst case scenarios indicate the risks. 

2. Performing goal-seek (backward) search to find the scenarios that lead to certain cost and 

benefit values 

Addressing the above purposes need a search method that enumerates the combinations of the 

input variables in order to optimize cost and benefit (best/worst case), or achieve certain values 

for cost and benefit (goal-seek).  

A trivial search method is pure enumeration, in which all the combinations of the input variables 

are evaluated. There are T(SVi) states for each variable SVi in the analysis. So, ∏ O����PQR  

combinations need to be evaluated in total; where n is the number of the input variables in the 

analysis. This method is simple to implement and efficient enough for small models (up to 10 

input variables). However, it is not practical for larger models, which are normally the case in the 

real world applications. For example, for a model with 20 input variables and 3 states each, 3.5 

million scenarios are possible.  

An efficient method, by integrating BBN and Genetic Algorithms, is proposed in this section to 

address this problem. GA was chosen as the search technique because of its efficiency in finding 

near-optimal solutions in such problems. Having an efficient search technique also enables 

efficient re-modeling and iterative modeling for the purpose of strategic planning.  

The followings need to be defined in a GA model: 

• Chromosome: Encoding a solution so that it is recognizable by the underlying GA 

implementation. 
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• Fitness function: The main part in every GA which measures the suitability of a solution 

(chromosome). Different functions are defined for forward and backward searches. 

• Other parameters which are configured when running a GA, such as the population size, 

number of generations, and parent selection method. 

3.5.1 Defining chromosomes 

The chromosome here is the combination of the input variables and is encoded as a series of 

states. Table  3.7 shows the general model of a chromosome representing a BBN scenario. Each 

cell, called a gene, is showed as Vi
j and represents a state (index for the state), e.g. j, k, l, etc., for 

the variable SVi ; i ∈ [1, N]. N is the number of the input variables included in the search.  

Table Table Table Table  3333....7777    General model for the chromosome representing a BBN scenarioGeneral model for the chromosome representing a BBN scenarioGeneral model for the chromosome representing a BBN scenarioGeneral model for the chromosome representing a BBN scenario    

V1
j V2

k V3
l … VN-1

m VN
n 

 

There is no constraint for the number of variables or the states for each variable. The encoding 

can be converted to binary representation or kept as it is, depending on the GA implementation. 

3.5.1.1 Illustrative example 

A sample chromosome for the postal service BBN would look like Table  3.8, where each cell is 

assigned to a value, which is the index of a state for that variable. 

Table Table Table Table  3333....8888    A sample chromosome from the postal serviA sample chromosome from the postal serviA sample chromosome from the postal serviA sample chromosome from the postal service BBNce BBNce BBNce BBN    

1 2 1 1 

3.5.2 Defining fitness functions 

The next step of GA is defining the fitness function. The goal is to measure the fitness 

(suitability) of a chromosome (scenario) and assign a real number to it. Defining a good fitness 

function is important for the GA and can be hard to achieve. In this research the fitness function 

gets even more complicated as each chromosome needs to be evaluated by the BBN model first. 

Table  3.9 shows the general structure of a chromosome evaluated by BBN. Each {Oi} is the set 
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of values for the states of the output variable i; i ∈ [1, M]; M is the number of the output 

variables.  

Table Table Table Table  3333....9999    General structure of a chromosome and its evaluation by BBNGeneral structure of a chromosome and its evaluation by BBNGeneral structure of a chromosome and its evaluation by BBNGeneral structure of a chromosome and its evaluation by BBN    

Chromosome Evaluation by BBN 

V1
j V2

k V3
l … VN-1

m VN
n {O1} {O2} … {OM} 

 

Illustrative example 

Table  3.10 shows an example of an evaluated chromosome.  

Table Table Table Table  3333....10101010    The evaluation of the sample chromosome from the postal service BBNThe evaluation of the sample chromosome from the postal service BBNThe evaluation of the sample chromosome from the postal service BBNThe evaluation of the sample chromosome from the postal service BBN    

Chromosome Evaluation by BBN 

1 2 1 1 Cost=(56%,44%) Quality=(73%,27%) 

 

3.5.2.1 Fitness function for forward search 

In forward search, the scenarios are optimized in such a way that the best or worst possible 

outputs are achieved. So, the inputs to the fitness function are the chromosome evaluation results 

from the BBN. This is aligned with the definition of the abstract function G in Formula  3.6. A 

simple concrete version can be defined as a linear expression of the evaluated chromosome, as in 

Formula  3.7. 

G�Chromosome� = wR ∗ F�OR� + w\ ∗ F�O\� + ⋯+ w^ ∗ F�O^�	 Formula Formula Formula Formula  3333....7777    

In Formula  3.7 wi is the weight of the output variable Oi, ��A� is the F function of Formula  3.1, 

and M is the number of output variables. A simple form of the F function is the linear regression, 

as the following: 

F�OD� = 	uDR ∗ ODR + uD\ ∗ OD\ +⋯+ uD_�`a� ∗ OD_�`a�	 Formula Formula Formula Formula  3333....8888    

In Formula  3.8, bc is the weight of the state j for the variable Oi. Oi
j is the value of the variable 

Oi for state j, and T(Oi) is the size of the states of the variable Oi. 
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Illustrative example 

An example of the functions G and F for the postal service model would be as follows: 

wdefg = 0.4	and	wklmnDgo = 0.6	;	which	means	that	scenarios	with	lower	Cost	and	higher	
Quality	are	preferred.	

udefg = 
0.6,0.4�	;	weight	of	0.6	for	High	state	and	0.4	for	Low	state	of	Cost	
uklmnDgo = 
0.7,0.3�	;	weight	of	0.7	for	High	state	and	0.3	for	Low	state	of	Quality	

So,	
F�Cost� = 0.6 ∗ CostCDEF + 0.4 ∗ Costxey 

F�Quality� = 0.7 ∗ QualityCDEF + 0.3 ∗ Qualityxey 

And,	
G�Chromosome� = 0.4 ∗ F�Cost� + 0.6 ∗ F�Quality� 

 

The calculated fitness for the sample chromosome in Table  3.10 is calculated as the following:  

G�Chromosmoe� =	
0.4 ∗ �0.6 ∗ z. {| + 0.4 ∗ z. }}� + 0.6 ∗ �0.7 ∗ z. ~� + 0.3 ∗ z. �~� = 0.56		

 

The bolded numbers are the results of scenario evaluation, from BBN analysis, and the rest are 

the weights. The weights are customized for the target application and are determined when 

defining the fitness function. They do not change during the computations. 

The above G function was defined for the potential analysis. In risk analysis, the above weights 

will be reversed so that the scenarios with higher cost and lower quality are sought. An example 

will be given for the real world case study in  Chapter 6. 

3.5.2.2 Fitness function for backward search 

The backward search is used in the goal-seek analysis, where the goal is to find scenarios that 

lead to certain outputs. So, the scenarios are not necessarily optimized to reach the lowest cost or 

highest quality. Therefore, the fitness function is changed to reflect this need, as follows: 

G�Chromosome, g∗	� = wR ∗ F�OR, gR∗� + w\ ∗ F�O\, g\∗� + ⋯+ w^ ∗ F�O^, g∗̂ � 	
→ �0, 1�	

Formula Formula Formula Formula  3333....9999    
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In Formula  3.9, g* is the goal, represented as the probabilities for the output variables. The F 

function needs to be modified in order to consider the goal in the linear expression, as follows: 

F�OD, gD∗� = 	uDR ∗ abs�ODR − gR� + uD\ ∗ abs�OD\ − g\� + ⋯+ uD_�`a� ∗ abs�OD_�`a� − gD_�`a��	 Formula Formula Formula Formula  3333....10101010    

In Formula  3.10, abs returns the absolute difference of the argument and �Dc is the desired value 

for state j of variable Oi. 

The fitness functions in Formula  3.9 measure the distance of the outputs of the scenario to the 

goal. So, the lower the G value, the fitter the chromosome is.  

Illustrative example 

An example of the G function for the postal service problem is presented as the following: 

wdefg = 0.4	and	wklmnDgo = 0.6	;	which	means	that	the	similarity	of	Quality	is	more	
important	than	Cost.	

udefg = 
0.6,0.4�	;	weight	of	0.6	for	similarity	of	High	state	and	0.4	for	Low	state	of	Cost	
uklmnDgo = 
0.7,0.3�	;	weight	of	0.7	for	similarity	of	High	state	and	0.3	for	Low	state	of	

Quality	
So,	

F�Cost, gdefg∗ � = 0.6 ∗ abs�CostCDEF − gdefgCDEF� + 0.4 ∗ abs�Costxey − gdefgxey�		
F�Quality, gklmnDgo∗ � = 0.7 ∗ abs�QualityCDEF − gklmnDgoCDEF � + 0.3 ∗ abs�Qualityxey − gklmnDgoxey �		

And,	
G�Chromosome, g∗� = 0.4 ∗ F�Cost, gdefg∗ � + 0.6 ∗ F�Quality, gklmnDgo∗ � 

 

3.5.3 Results of applying the methodology to the postal service example 

The postal service example is given to clarify the proposed methodology. The detailed 

configurations, like the population size, number of evolutions, and crossover/mutation rates need 

to be adjusted when implementing the GA. These issues will be discussed in  Chapter 6, where 

the results of applying the methodology in a real world case study are discussed.  
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3.5.3.1 Enumerating the scenarios and using for potential and risk analysis 

The results of enumerating the scenarios in the postal service example are included here to 

clarify the search problem. In the postal service example, there are four input variables, with two 

states for each. So, 16 combinations are evaluated in total, as shown in Table  3.11. The scenarios 

show the possibilities, including the best and worst case situations, which the decision maker 

might face in the future. 

TTTTable able able able  3333....11111111. Results from enumerating the input variables. Results from enumerating the input variables. Results from enumerating the input variables. Results from enumerating the input variables    

Training Overhead 
Speed of 

vehicles 

Workload 

per 

vehicle 

Cost Quality 

High Low High Low 

High 

High 

High 
High 53% 47% 73% 27% 

Low 81% 19% 85% 15% 

Low 
High 48% 52% 54% 46% 

Low 74% 26% 65% 35% 

Low 

High 
High 56% 44% 73% 27% 

Low 84% 16% 84% 16% 

Low 
High 50% 50% 54% 46% 

Low 77% 23% 65% 35% 

Low 

High 

High 
High 50% 50% 64% 36% 

Low 76% 24% 75% 25% 

Low 
High 46% 54% 45% 55% 

Low 71% 29% 55% 45% 

Low 

High 
High 51% 49% 64% 36% 

Low 78% 22% 75% 25% 

Low 
High 47% 53% 45% 55% 

Low 72% 28% 55% 45% 

 

To obtain the Pareto optimal solutions, the impact function needs to be calculated for each 

scenario. The probability of the High state is considered as the impact value here, which leads to 

the points illustrated in Figure  3.12. The circled points in Figure  3.12, with their corresponding 

scenarios shaded in Table  3.11, show the Pareto optimal solutions. The following observations 

are made: 

• There are six quality levels that are achievable. 
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• For each quality level, there is an achievable scenario that has the lowest cost comparing 

to other scenarios in that level. 

• There are also six cost levels; any other change of cost is either unnecessary or would 

have negative impact on quality. 

 

Figure Figure Figure Figure  3333....12121212. Cost vs. Quality trade. Cost vs. Quality trade. Cost vs. Quality trade. Cost vs. Quality trade----off from off from off from off from enumerating the input variables enumerating the input variables enumerating the input variables enumerating the input variables     

Due to the uncertainty of the decision environment, there is no guarantee that the best case 

scenarios are always feasible. So, another set of points are indicated in Figure  3.12, included in 

triangles, with their associated scenario dotted in Table  3.11. They show the worst case scenarios, 

or risks, and are identified by reversing the definition of Pareto optimal solution to select the 

scenarios with highest cost and lowest quality.   

The potential and risk analysis can also be performed on the strategies, to provide more 

evaluations on them. For example, the best and worst case scenarios are indicated among all the 

possibilities resulting from scenario 1 (of strategy 1) in Figure  3.13. The results of the same 

analysis on scenario 4 (strategy 3) are illustrated in Figure  3.14. Comparing the results of the two 

scenarios in one graph, Figure  3.15, shows that the range of probabilities for Cost is narrower in 

scenario 4 while the range of Quality is similar for the two scenarios. Also in scenario 4, the 

Quality increases with a higher rate if the Cost is increased.  

The potential and risk analysis are meant to support the decision maker with more evaluations on 

the scenarios and strategies. The final choice of the strategy depends on the decision maker. 
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Figure Figure Figure Figure  3333....13131313. . . . Cost vs. Quality tradeCost vs. Quality tradeCost vs. Quality tradeCost vs. Quality trade----off off off off for scenario 1 (of strategy 1)for scenario 1 (of strategy 1)for scenario 1 (of strategy 1)for scenario 1 (of strategy 1)    

 

 

Figure Figure Figure Figure  3333....14141414. . . . Cost vs. Cost vs. Cost vs. Cost vs. QualityQualityQualityQuality    tradetradetradetrade----off for scenario 4off for scenario 4off for scenario 4off for scenario 4    (strategy (strategy (strategy (strategy 3333))))    
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Figure Figure Figure Figure  3333....11115555. . . . Cost vs. Quality tradeCost vs. Quality tradeCost vs. Quality tradeCost vs. Quality trade----off for scenario 1 (of strategy 1) and scenario 4 (strategy 3)off for scenario 1 (of strategy 1) and scenario 4 (strategy 3)off for scenario 1 (of strategy 1) and scenario 4 (strategy 3)off for scenario 1 (of strategy 1) and scenario 4 (strategy 3)    

3.5.3.2 Results of backward search 

In the postal service example, assume that the decision maker seeks the scenarios that lead to the 

following goal:  

• Cost (High = 80%, Low = 20%) 

• Quality (High = 80%, Low = 20%) 

The top three scenarios found by the backward search, with their G value (fitness value) are 

shown in Table  3.12. More discussion on backward search and analyzing its results will be given 

in  Chapter 6 for the real world case study. 

Table Table Table Table  3333....12121212. Goal. Goal. Goal. Goal----seek analysis for the postal service exampleseek analysis for the postal service exampleseek analysis for the postal service exampleseek analysis for the postal service example    

Training Overhead 
Speed of 

vehicles 

Workload 

per 

vehicle 

Cost Quality 
G value 

High Low High Low 

High High High Low 81% 19% 85% 15% 0.034 

Low Low High Low 78% 22% 75% 25% 0.038 

High Low High Low 84% 16% 84% 16% 0.04 
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 Multi-criteria scenario prioritization 3.6

The decision problem arises when there are alternative directions to make. If there is no 

alternative, then the problem is not decision making, instead usually an optimization or search 

problem (Kirkwood, 1996). Using quantitative approaches improves the decision making and 

helps communicate the decisions, especially when multiple stakeholders are involved. For 

example, when assigning the weights to the alternatives, the weight of 0.8 means that it is 80% of 

the distant from the worst possible scenario to the best possible scenario.  

As illustrated in Figure  3.1, the results of service scenario planning are a set of service 

implementation scenarios. The scenarios may be user-suggested or system-generated (from the 

search-based method discussed in Section  3.5) and are assumed to be Pareto optimal solutions. 

There are two difficulties with the comparison of the scenarios: 

1. Having multiple outputs with multiple states each 

2. Size of the problem 

When there are many scenarios, the manual comparison is not practical. This aspect has 

been overlooked in many studies on multi-criteria decision making. 

A method for multi-criteria scenario prioritization is introduced in this section, which addresses 

the following research question, raised at the beginning of this chapter: 

• RQ1-3: Designing a multi-criteria prioritization method to rank the service scenarios 

automatically based on the user preferences 

Since the scenarios are supposed to be the Pareto optimal solutions, prioritizing of them needs 

further information from the domain. This information is received in form of preferences among 

the prioritization criteria, e.g. cost and benefit. The goal is to provide a ranking of the scenarios, 

automatically, to help the decision maker choose one. The automatic prioritization becomes more 

important, and necessary, when a high number of scenarios are generated automatically.  

The prioritization problem in this thesis is a multi-criteria decision making (MCDM) problem. 

Several techniques have been used in the literature, e.g. Analytical Hierarchy Process (AHP) 

(Saaty, 1980), ELECTRE (Roy, 1991), and PROMETHEE (Brans, 1986). We used AHP because 
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of its simplicity and efficiency. It also supports incorporating the domain knowledge in the 

comparison process.  

There are three factors in every AHP model: Goal, Criteria, and Alternatives. The goal is usually 

related to the purpose of ranking the alternatives. The ranking is performed through the pairwise 

comparison of the alternatives for each criterion. The pairwise comparison is performed on the 

criteria as well. The general structure of an AHP model is shown in Figure  3.16. All the 

alternatives are pairwise compared according to each criterion, and the criteria are pairwise 

compared according to the goal.  

 

Figure Figure Figure Figure  3333....16161616. AHP general structure. AHP general structure. AHP general structure. AHP general structure    

The main computation in the AHP method is the pair-wise comparison of the alternatives. When 

there are only a few alternatives, this can be done manually by the domain expert. However, 

when there are a large number of alternatives, using an automated process is inevitable. We 

propose a method which integrates AHP with BBN, and uses an automatic comparison function. 

The prioritization method, with the illustrative example for the postal service, will be discussed 

in the next sections. 

3.6.1 AHP model for logistic services 

The decision maker usually needs to make a trade-off between some criteria, which for the cost-

benefit model of Figure  3.3 are the combination of output and measurement factors. The goal is 

to select a scenario that optimizes the trade-off criteria regarding the preferences of the decision 

maker. This decision problem is formulated with the following components: 

• C is a set of criteria {Ci}, e.g. cost, benefit, efficiency, quality 

… 

… 

Goal 

Criterion 1 Criterion M 

Alternative 1 Alternative N 
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• SC is a set of scenarios {SCi}, each scenarios assigns unique values to the influencing 

factors. 

• ci
o is the least preferred value for Ci and ci

* is the most preferred value for Ci. 

• Assumption 1: Preferences are monotonic in the sense that higher values for the criteria 

are always more preferred or less preferred. 

• Assumption 2: The value of each scenario SCj for each criterion Ci is known, shown as ci
j. 

• Goal: Prioritizing the scenarios based on the preferences among the criteria 

3.6.1.1 Illustrative example 

Consider the postal service example, where the outputs of the model are Cost and Quality. 

Assume that in addition to the outputs, the Productivity is included in the prioritization of the 

scenarios as well. The reason could be the policies of the organization to keep the productivity 

above a certain level. The AHP model for the postal service is illustrated in Figure  3.17.  

 

Figure Figure Figure Figure  3333....17171717. The AHP model for the postal service example. The AHP model for the postal service example. The AHP model for the postal service example. The AHP model for the postal service example    

Decision problem 

Assume the decision maker of the postal service company needs to make the final decision on 

the strategies. And as the last analysis on the strategies and their potential scenarios, the ranking 

of them is needed. Recall from Section  3.5.3.1 and Figure  3.15, five Pareto points were 

recognized as the combined potentials of the two strategies. They are illustrated in Table  3.13 

with their associated probabilities for the ranking criteria: Cost, Quality, and Productivity. These 

scenarios are considered as the alternatives in the AHP model, which need to be ranked. 

… 

Selecting the most cost-

effective scenario 

Cost Quality 

Scenario 1 Scenario N 

Productivity 

Goal 

Criteria 

Alternatives 
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Table Table Table Table  3333....13131313. Combin. Combin. Combin. Combined potential scenarios from strategy 1 and 3ed potential scenarios from strategy 1 and 3ed potential scenarios from strategy 1 and 3ed potential scenarios from strategy 1 and 3    

Strategy 
Enumerated 

Scenario 

Cost Quality Productivity 

High Low High Low High Low 

Strategy 1, 
Scenario 1 

Training 
programs 

for the 
drivers 

Scenario 1 48% 52% 52% 48% 59% 41% 

Scenario 2 53% 47% 71% 29% 76% 24% 

Scenario 3 80% 20% 83% 17% 76% 24% 

Strategy 3, 
Scenario 4 

Reducing 
the 

workload 
per vehicle 

Scenario 4 68% 32% 72% 28% 66% 34% 

Scenario 5 73% 27% 81% 19% 78% 22% 

 

3.6.2 Comparison functions for automatic ranking 

As mentioned earlier, two sets of comparisons need to be performed in every AHP computation: 

comparison of the criteria, and comparison of the alternatives. The former is normally done once 

when creating the AHP model and does not vary with the individual instantiations. While the 

latter is performed every time the AHP model is run on a set of alternatives.   

3.6.2.1 Comparison of the criteria 

The comparison in AHP is normally illustrated as a two-dimensional matrix containing the 

weight from comparing two elements, here the criteria. The criteria are a subset of the outputs 

and intermediate variables of the BBN model. The pairwise comparison of the criteria is 

performed based on the preferences of the decision maker, and is customizable for the target 

application. 

A weight in the range of [1/9...1/2] or [1…9] is assigned to each comparison. The value ‘1’ 

means that two alternatives are equally desirable. The sub-range [2…9] reflects the weight for 

the better (more desired) and [1/9…1/2] for the worse (less desired) alternative. To acquire the 

weights of the criteria, the Eigen Value of the comparison matrix is calculated. 

Illustrative example 

Table  3.14 shows an example for the postal service AHP model. We consider Cost as twice 

important as Productivity, and Quality as twice important as Cost, and thrice as important as 

Productivity.  
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Table Table Table Table  3333....14141414. Pairwise comparison of criteria in . Pairwise comparison of criteria in . Pairwise comparison of criteria in . Pairwise comparison of criteria in postal service AHP modelpostal service AHP modelpostal service AHP modelpostal service AHP model    

 Cost Quality Productivity 

Cost 1 1/2 2 

Quality 2 1 3 

Productivity 1/2 1/3 1 

 

The weights of the criteria are calculated as {0.3, 0.54, 0.16} for {Cost, Quality, Productivity}, 

which reflects the higher relative importance of Quality. 

3.6.2.2 Comparison of the alternatives 

We propose a comparison function to automate the pairwise comparisons. The comparison 

function f, in Formula  3.11, maps the difference of the probabilities for a criterion c between two 

alternatives (i and j) to the corresponding weight.  

fc�i, j�

=
��
�
���

F�i, c� − F�j, c� + 1																			F�i, c� ≥ F�j, c�
1	/	�F�j, c� − F�i, c� + 1�								F�i, c� < F�j, c�� 													c	has	positive	impact		
�1	/	�F�i, c� − F�j, c� + 1�									F�i, c� ≥ F�j, c�
F�j, c� − F�i, c� + 1																			F�i, c� < F�j, c�� 										c	has	negative	impact

	

Formula Formula Formula Formula  3333....11111111    

    

In Formula  3.11, F(i,c) is an instantiation of function F in Formula  3.1, with the examples in 

Formula  3.4 and Formula  3.5. Basically, two types of impacts exist between criteria and the 

overall preference: positive and negative. For example, alternatives with higher cost are less 

desirable, while alternatives with higher benefit are more desirable. Therefore, benefit has 

positive impact, and cost has negative impact on the overall preference.  

3.6.2.3 Illustrative example 

The proposed F functions for the criteria of the postal service AHP are illustrated in 

Formula  3.12, where ����  , c ∈{Cost, Quality, Productivity}, represents the value of alternative 

i for the High state of criterion c. The probabilities are multiplied by 10 (and truncated) so that 

the weights fall in the proper ranges.  
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F�i, Cost� = 	10 ∗ CostCDEFD 	
F�i, Quality� = 	10 ∗ QualityCDEFD 	

F�i, Productivity� = 	10 ∗ ProductivityCDEFD 	

Formula Formula Formula Formula  3333....12121212    

    

For example, comparing scenarios 1 and 2, from Table  3.13, leads to the following weights: 

• $�����1, 2� = 	5	– 	4	 + 	1	 = 	2	
• $�������1, 2� = 	1	/	�7 − 5 + 1� = 1/3	
• $� �¡�¢�£���1, 2� = 	1	/	�7 − 5 + 1� 	= 1/3	

Using the comparison function, the comparison matrices are calculated automatically for the 

criteria. The comparison matrix for Cost is illustrated in Table  3.15. The comparison matrices for 

Quality and Productivity are calculated similarly. 

Table Table Table Table  3333....15151515. Comparison matrix for Cost, calculated using the comparison function. Comparison matrix for Cost, calculated using the comparison function. Comparison matrix for Cost, calculated using the comparison function. Comparison matrix for Cost, calculated using the comparison function    

Cost  Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

 F(i,Cost) 5 4 2 3 2 

Scenario 1 5 1 2 4 3 4 

Scenario 2 4 1/2 1 1 2 1 

Scenario 3 2 1/4 1 1 1/2 1 

Scenario 4 3 1/3 1/2 2 1 2 

Scenario 5 2 1/4 1 1 1/2 1 
 

The weights of the alternatives (scenarios) for each criterion are achieved by calculating the 

Eigen Value of the corresponding comparison matrix, and are illustrated in Table  3.16. The final 

weights of the scenarios, considering all the criteria, are calculated by multiplying the weights of 

the scenario for each criterion by the weight of that criterion. They are shown in Table  3.16, as 

final weight. 
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Table Table Table Table  3333....16161616.Calculated weights of the scenarios for the criteria and in total.Calculated weights of the scenarios for the criteria and in total.Calculated weights of the scenarios for the criteria and in total.Calculated weights of the scenarios for the criteria and in total    

Strategy Alternative 
Criterion 

Final Weight 
Cost Quality Productivity 

Strategy 1 

Scenario 1 0.42 0.06 0.08 0.17 

Scenario 2 0.26 0.16 0.26 0.21 

Scenario 3 0.06 0.30 0.26 0.23 

Strategy 3 
Scenario 4 0.16 0.16 0.14 0.16 

Scenario 5 0.10 0.30 0.26 0.23 

 

Interpreting the weights 

The weights represent the relative importance of each scenario towards the goal of the model, 

which is selecting the most cost-effective scenario. When the alternatives represent unique 

strategies, a ranking of them is achieved. However, when the alternatives are the enumerated 

scenarios from the strategies, as the example in this section, the ranking of the scenarios is 

interpreted differently. Recall that the five scenarios were the combined potentials (Pareto points) 

of strategies 1 and 3. So, the ranking shows that which strategy could lead to the scenarios that 

optimize the preferences the most. In this example, both strategies contain a top scenario (with 

weight of 0.23). However, the next two top scenarios (with weight of 0.21 and 0.17) belong to 

strategy 1. So, one could conclude that strategy 1 has better potentials in total. 
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Chapter 4 DECISION SUPPORT FOR OPERATIONAL PLANNING OF 

LOGISTIC SERVICES 

 Introduction 4.1

In this chapter the operational layer of the proposed decision support methodology (SOPLS), is 

discussed.  

Operational planning deals with the implementation of logistic services. It describes short-term 

ways of achieving milestones and explains how, or what portion of, a strategic plan will be put 

into operation during a given operational period. The operational layer links the strategic plan 

with the activities that the organization will deliver and the resources required to deliver them, 

such as staff and vehicles. 

Efficient planning of the operational resources leads to a lower cost and increases the chance of 

meeting the strategic goals. Estimating the required resources for implementing a strategy at the 

time of strategic planning would help design more reliable strategies. So, the operational layer is 

added to the proposed decision support methodology, to evaluate the strategies with regards to 

the operational variables.  

Operational planning is a wide area including several topics such as resource management, 

scheduling, vehicle routing, etc. We consider parts of the problems in operational planning, 

including designing the service areas which uses vehicle routing and estimating the demand on 

the services.  

The logistic services are usually designed for specific areas. When there are multiple vehicles, 

each one is assigned to a specific region, which is called a service area. 

Definition 4.1. A service area is a pre-designed region of a city which needs specific 

operational resources such as staff and vehicle.   

The service areas are designed in such a way that the operational resources are optimized. 

Designing the service areas requires a deep knowledge of the operational activities, such as the 
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demand on the services, available capacities, target quality of the services, productivity of the 

staff, etc. There is a logistic cost involved with each design, which is mainly derived from the 

operations related to the vehicles.  

A methodology is proposed in this chapter to provide decision support for evaluating the design 

of the service areas. Assuming that the designs of the service areas are provided, for a given 

service scenario, they can be evaluated with two aspects: demand on the services per service area, 

and the logistic cost per service area. The evaluations are used for adjusting the service areas in 

order to improve resource utilization.  

This chapter addresses the following research questions, raised in  Chapter 1: 

• RQ2: What is the impact of using a hybrid prediction method for estimating the demand 

on the logistic services, especially when the training set is large?  

• RQ3: How the routing of the vehicles for providing the logistic services can be optimized 

for a given strategy?  

 Problem of evaluating the design of service areas 4.2

Problem of evaluating the design of the service areas for logistic services, as considered in this 

thesis (see  Chapter 3 for the definition of logistic services in this thesis), consists of the 

following components: 

1. A set of depots {D1 … DL} in which the vehicles start their trip towards the service areas. 

2. An area S which the logistic service is provided to. 

3. A set of vehicles {V1…VN} with related capacities {C1…CN}. 

4. A partitioning of S into service areas {S1…SM} is provided such that ∪Si = S and Si ∩ Sj 

= ∅ for all pairs (Si , Sj) ; 1 ≤ i , j ≤ M 

5. Assumption: The assignment of the vehicles to the service areas and depots is provided 

by the decision maker. 

6. Constraint 1: Each Sj needs to be serviced by Vi in one day, through Ti trips, 1 ≤ Ti ≤ K, 

K is the maximum number of allowed trips per vehicle per day. 

7. Constraint 2: All service areas need to be serviced for L times in a certain time period P; 

L is given to the problem. 
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8. Goal: Achieving a design of the service areas that minimizes the number of vehicles (N) 

used in the time period P. 

4.2.1 Illustrative example 

The problem is illustrated for the postal service example introduced in  Chapter 3. The following 

assumptions are made for this example (illustrated in Figure  4.1): 

• There are 15 service areas to provide the service, and one depot in which the mail 

packages are distributed from.  

• Each service area needs to be serviced three times per week. 

• There are five service days per week, Monday through Friday. 

• Each vehicle makes one trip to its designated service area per day. 

• The capacities are measured in terms of the available time for each vehicle per day, e.g. 8 

hours. 

The required number of vehicles per day is calculated as Formula  4.1. 

' = 15	service	areas ∗ 3	times/week5	days/week = 9	:?¨©!�?	ª¨?ª:/«ª¬	 ⟹ 9	©?®!�¯?:	°?¨	«ª¬ Formula Formula Formula Formula  4444....1111    

 

Figure Figure Figure Figure  4444....1111. Example of a . Example of a . Example of a . Example of a service areaservice areaservice areaservice area    design with one depotdesign with one depotdesign with one depotdesign with one depot    

The service areas are designed in such a way that constraints 1 and 2 are satisfied. However, 

different designs vary in terms of utilizing the capacities of the vehicles. Using too small service 
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areas may guarantee that the vehicles can provide the service to their designated service areas in 

one day, but with under-utilized capacity. So, more vehicles would be needed in total, which 

increases the cost. Also, using too large service areas is not practical and means that some of the 

packages will not be delivered by the planned time. This will decrease the quality of the service.  

The amounts of mails vary among service areas and also during a year. For example, lots of 

postal cards are delivered during the holiday seasons. In addition, the variation of routing 

conditions among the service areas affects the travelling time of the vehicles. These two factors 

influence the required time for delivering the mails, therefore impact the designs. Designing 

service areas that use the capacities of vehicles in full may not be possible. However, this process 

can be facilitated by providing accurate estimations on the variation of mail amounts (demand on 

the service) as well as the traveling distance for each service area.  

 Overview of the proposed methodology 4.3

The overview of the operational layer is illustrated in Figure  4.2. The input is a design of the 

service areas, which is evolved through an iterative process. The design is evaluated in terms of 

demand on the service and resource consumption. The former is supported by a hybrid prediction 

method and the latter by a routing optimization method. The estimations are provided to the 

decision maker for redesigning the service area. Details of these two methods and their usage in 

redesigning of the service areas will be discussed in the following sections. 
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Figure Figure Figure Figure  4444....2222    Overview of the operational layerOverview of the operational layerOverview of the operational layerOverview of the operational layer    

 Hybrid prediction method for estimating the demand on the service 4.4

In this section, a hybrid prediction method is proposed to estimate the demand on the logistic 

services. The predictions are made based on the history data. The dataset for a logistic service 

includes the history amounts for the target attribute. The target attribute is related to the utilized 

capacity of the vehicles. For example, for a postal service the target attribute is the number of 

stops (locations). Another example, which is also the main case study of this thesis, is the waste 

amount for a waste collection service. The values are supposed to be measured and stored per 

service area.  

The service areas are represented in the dataset by their attributes, such as demographic and 

geographic. It is expected that similar service areas, in terms of the attributes, have similar 

patterns in creating the demand. So, having a methodology to recognize the similar service areas 

would help predict their future behavior. K-means clustering has been chosen for this purpose, 

because of its simplicity and efficiency in finding the different behaviours (clusters) in a dataset. 

Also, since the dataset potentially includes diverse patterns in large urban areas, making clusters 

of similar records is expected to increase the prediction accuracy.  
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After the clusters are created, a linear regression model is constructed for each cluster as the final 

predictor. Linear regression is widely used as a prediction technique in the literature for its 

efficiency and accuracy. Naturally, there are other algorithms and techniques to consider, but the 

comparison of all the techniques is not the main focus in this thesis. 

The hybrid prediction method addresses the following research question, raised at the beginning 

of this chapter: 

• RQ2: What is the impact of using a hybrid prediction method for estimating the demand 

on the logistic services, especially when the training set is large?  

4.4.1 Background 

4.4.1.1 K-means clustering 

K-means clustering is an unsupervised machine learning algorithm for partitioning a dataset into 

k separate clusters where instances (of the dataset) in each cluster are similar to each other 

(Guojun, 2007). The similarity is defined as the Euclidean distance between two instances. The 

k-means clustering is defined formally in  Definition 4.2. 

Definition 4.2. Given a set of observations {x1, x2, …, xn}, where each observation is a d-

dimensional real-valued vector ([a1, …, ad]), k-means clustering aims to partition the n 

observations into k clusters (k < n and is given) C = {C1, C2, …, Ck}. The goal is to 

minimize the within-cluster sum of squares of distances to means, defined as 

Formula  4.2, where µi is the mean of cluster Ci. 

± =	² ² �distance��c , ³��\´µ∈�¶

·

QR
 Formula Formula Formula Formula  4444....2222    

One of the most used k-means clustering algorithms was first described by (MacQueen, 1967), as 

illustrated in Table  4.1. The algorithm starts with a random assignment of the instances to the 

clusters and proceeds to assign an instance to the cluster whose mean is the closest. The process 

is repeated until the assignments do not change.  
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Table Table Table Table  4444....1111. Pseudo code of the simple k. Pseudo code of the simple k. Pseudo code of the simple k. Pseudo code of the simple k----means clusteringmeans clusteringmeans clusteringmeans clustering    

//initialization phase 
{S1, S2, …, Sk} = randomly assign the observations {x1, x2, …, xn} to k clusters 
//iteration phase 
Repeat: 
For each observation xj 
Dij = min {distance between xj and µi} for i=1…k 
Assign xj to cluster i 
Re-calculate the cluster means based on new assignments 
Until: no further re-assigning is occurred 

 

K-means clustering is often used for dividing a dataset into clusters of most similar records, 

though it is used as a prediction model as well. When a new instance comes it will be assigned to 

a cluster, based on its distance to the cluster means. Then, the target attribute (the attribute which 

is to be predicted) of the cluster mean will be considered as the prediction output for the new 

instance. 

4.4.1.2 Linear Regression 

Regression analysis is a well-known technique for modeling and analyzing of data, using several 

variables to build a mathematical model that can explain the variation of a dependent 

variable  (Tibshirani 1996). It is formally defined in  Definition 4.3. 

Definition 4.3. Given a set of observations {x1, x2, …, xn}, where each observation is a d-

dimensional real-valued vector ([a1, …, ad]), linear regression finds the coefficients 

[w1…wd-1] to calculate the value of the predicted attribute ad from the predictive 

attributes [a1…ad-1], as Formula  4.3.  

a¸ = wRaR + w\a\ + w¹a¹ +⋯+w¸ºRa¸ºR Formula Formula Formula Formula  4444....3333    

4.4.2 Hybrid prediction method 

The proposed hybrid prediction method includes two main processes: building the prediction 

models, and making the predictions, which are explained in this section. Also, the cross-

validation method of the prediction method will be addressed. 



  

78 

 

4.4.2.1 Building the prediction model 

Figure  4.3 illustrates the process of building the prediction model. The process starts with 

attribute selection and weighting, which is applied to the whole dataset using the linear 

regression method. This will result in a linear function, as in Formula  4.3, which determines the 

value of the predicted attribute (or target attribute) ad based on the predictive attributes [a1...ad-1]. 

We consider the coefficient vector [w1…wd-1], from Formula  4.3, as the weights related to the 

attributes [a1…ad-1], respectively. The attributes whose coefficients are more than a predefined 

threshold will be chosen for building the prediction model.  

After the unselected attributes have been removed from the dataset, the dataset is clustered in the 

next step by the k-means clustering. Weighted Euclidian distance is used to measure the distance 

between two data points xi and xj, as in Formula  4.4. In this formula, xi
t (t = 1…d-1) is the value 

of the attribute at in the instance xi, and wt (t = 1…d-1) is the weight of the attribute at. 

E_distance	�xD, x¾� = 	¿wR�xDR − x¾R�\ +	w\�xD\ − x¾\�\ +	…+	À¡ºR��¡ºR − �c¡ºR�\ Formula Formula Formula Formula  4444....4444    

The results of this step are k clusters; each containing similar records. Finally, the linear 

regression is performed on each cluster resulting in the prediction models [B1…Bk], where each 

Bi (i = 1 … k) is a linear formula as in Formula  4.3.  

 

Figure Figure Figure Figure  4444....3333. Hybrid prediction: building the prediction models. Hybrid prediction: building the prediction models. Hybrid prediction: building the prediction models. Hybrid prediction: building the prediction models    
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4.4.2.2 Making the predictions 

When a new record comes for prediction, it contains the value for all the attributes, except the 

target attribute (in our case, the amount of demand, e.g. number of packages in the postal service 

or waste amount in waste collection). The following is the procedure for making the prediction 

for each new instance: 

1. Calculate the distance of the new instance to each cluster mean [B1…Bk] using the 

similarity function of Formula  4.4; 

2. Say Bi is the cluster whose mean is the closest to the new instance ; 

3. Use Prediction Model Bi, which is a linear regression as in Formula  4.3, to calculate the 

value of the target attribute for the new instance. 

4.4.2.3 Cross-validation 

To cross-validate (Picard, 1984) the model, the dataset is randomly split into three parts. Two 

parts are used as the training set and one part as the test set. The train and test sets are rotated 

three times for the purpose of 3-fold cross validation. In each round of validation, the training set 

is used as the input data set in Figure  4.3. The results are a set of clusters, each one having a 

unique predictor. Then, the records in the test set are entered into the prediction process one by 

one, and the predicted value of the target attribute is compared to the actual value, to measure the 

prediction error. RMSE (Root Mean Squared Error) is used to measure the prediction error for 

the test set, as in Formula  4.5.,	�!« is the actual value of the target attribute ad in instance xi, ¬¡ is 

the predicted value of the target attribute ad for instance xi, and n is the number of instances in 

the test set. 

RMSE = 	¿∑ �´¶Ãº�¶Ã�ÄÅ¶ÆÇ P 	  Formula Formula Formula Formula  4444....5555    

 Vehicle routing method for logistic services 4.5

In this section a methodology is proposed for optimizing the routing of the vehicles for providing 

the logistic services. It addresses the following research question, raised at the beginning of this 

chapter: 
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• RQ3: How the routing of the vehicles for providing the logistic services can be optimized 

for a given strategy?  

The optimization problem considered in this component is modeled as the following components 

(in addition to the notations introduced in Section  4.2): 

1. A graph G according to the overall area under consideration (S); the intersections are the 

nodes of the graph and the roads are the edges. 

2. A set of sub-graphs {G1 … GM}, from G, according to each service area Si ; 1 ≤ i ≤ M 

3. A set of sub-areas {Si
1 … Si

L} with the corresponding sub-graphs {Gi
1 … Gi

L} for each 

service area Si (sub-graph Gi); where L is the number of sub-areas in Si. 

4. Each sub-area Si
j includes the roads that need to be serviced according to the logistic 

service. 

5. G'i represent the connecting roads between the sub-areas which do not contain any 

service location and are only used for routing between the sub-areas. 

6. The goal is to find a route for each service area which optimizes the objective function of 

Formula  4.6 and has the following characteristics, as illustrated in Figure  4.4: 

 It starts from the depot and ends at the depot. i.

 It covers all the sub-areas inside the designated service area. ii.

È!@!È!É?	79:;�Ê� = 	²79:;�Êc�
Ë

cQR
+ 	79:;�Ê�� + 79:;�O¨!°	$¨9È/;9	;®?	(?°9;� Formula Formula Formula Formula  4444....6666    
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Figure Figure Figure Figure  4444....4444    Graphical representation of the Graphical representation of the Graphical representation of the Graphical representation of the routing problem for each routing problem for each routing problem for each routing problem for each service areaservice areaservice areaservice area    

Different variations of the vehicle routing problem have been studied in the literature, based on 

the following characteristics: 

• Travelling to cover the points (Travelling Salesman Problem) (Lawler, 1985) (Moon, 

2012) vs. the edges (Chinese Postman Problem) (Edmonds, 1973) (Thimbleby, 2003) 

• Travelling with constraints such as time windows (Benjamin, 2010) (Kim, 2006) (Moon, 

2012) 

• One depot (Kim, 2006) vs. multiple depots (Benjamin, 2010) 

In this research, a simple version of the problem is considered with one depot and no time 

windows. The solution is applicable to multiple-depot problems as long as each vehicle visits 

one depot during a trip. The routes are designed to cover the edges of the graphs. So when a 

vehicle provides the logistic service to an edge, it drives from the start point of the edge to the 

end point, and continues to the next edge. Therefore, specific types of logistic services are 

supported which can be modeled as such, e.g. postal services, street cleaning, street snow 

removals, and waste collection. This problem is known in the literature as Chinese Postman 

Problem (CPP) (Edmonds, 1973) and is considered in the category of NP-complete problems. A 

heuristic algorithm was proposed in (Thimbleby, 2003) for this problem when considering 
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connected graphs. We extend their algorithm to work for disconnected graphs by combining CPP 

with Dijkstra’s shortest path algorithm (Cormen, 2009).  

The pseudo code of our algorithm (named DCPP which stands for Disconnected CPP) is shown 

in Table  4.2. The inputs to the algorithm are: the overall graph which contains all the roads and 

intersections, the sub-graph (service area) which is the target of routing, and the start/end node 

which is the depot. The algorithm works as follows.  

Firstly (steps 1-4), the closest sub-graph in Gi to the starting node (depot) is found. The closest 

sub-graph is defined as the one which has a node that is closest to the start node, based on 

Dijkstra shortest path algorithm. Then (step 5), the CPP problem is solved for this sub-graph. 

Then (steps 6-8), the last visited node of the previous sub-graph becomes the new start node and 

the process iterates. Steps 3-7 are repeated until all the sub-graphs are visited. At the end, the 

shortest path back to the original starting node (depot) is taken to complete the route. 

Table Table Table Table  4444....2222. Pseudo code of the DCPP routing algorithm. Pseudo code of the DCPP routing algorithm. Pseudo code of the DCPP routing algorithm. Pseudo code of the DCPP routing algorithm    

Algorithm DCPP (G: overall graph, Gi: sub-graph, D: start node); 

1. V  D; 
2. Route  {}; 
3. Gi

j  Find the closest sub-graph in Gi to node V based on Dijkstra 
shortest path algorithm on the overall graph G; 

4. Route  Route + Dijkstra shortest path from V to Gi
j on the overall graph 

G; 
5. Route  Route + solve the standard CPP problem for Gi

j; 
6. Remove Gi

j from Gi; 
7. V  last node visited in Gi

j; 
8. Repeat steps 3-7 until Gi becomes empty; 
9. Route  Route + Dijkstra shortest path from the last visited node (V) to 

D on the overall graph G. 

 

 Illustrative example for redesigning of the service areas  4.6

The problem of redesigning the service areas is illustrated for the postal service example. 

Assume that the shaded area, in Figure  4.5, between service areas S2 and S3 belonged to S2 

initially. But, the estimations on the demand of the services and optimized routing showed that 

S2 needs to be shrunk due too many packages and/or too long traveling for one vehicle. S4, in the 
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other hand, was estimated to have extra capacity available. So, the shaded area between S2 and 

S3 will be moved to S3 and the shaded are between S3 and S4 will be moved to S4. The 

estimations will be re-calculated for the modified design. This process is repeated until all the 

service areas are tuned properly. As mentioned earlier, the redesigned service areas are assumed 

to be provided by the decision maker. The proposed methodology supports the redesign process 

by evaluating the designs. 

 

Figure Figure Figure Figure  4444....5555. Example of redesigning the . Example of redesigning the . Example of redesigning the . Example of redesigning the service areasservice areasservice areasservice areas    

The variation in demand on the services becomes more problematic when considering the 

variation over a year, because of seasonal patterns. Using only one design for the whole year will 

likely lead to under-utilized capacities and higher cost. So, the designs need to be adjusted 

according to the variation in demand, in order to maximize the usage of vehicles capacities. 

However, changing the service areas too often causes overheads such as the design process itself 

and the learning curve for the staff in order to get familiar with the new service areas. The latter 

may affect the quality of the services as well. So, finding the best time for redesigning the 

service areas helps optimize the total cost and quality. The prediction method addresses this 

problem by estimating the periods that the demand peaks or falls too much. This would suggest 

that the service areas need to be re-designed for that period.  

The details on the results of applying this methodology in a real world case study will be given 

in  Chapter 6. 

  

Depot 

S
1
 

S
2
 S

3
 S

4
 



  

84 

 

Chapter 5 INTEGRATING THE STRATEGIC AND OPERATIONAL LAYERS 

 Introduction 5.1

The strategic and operational layers of the proposed decision support methodology for logistic 

services, SOPLS, have been discussed in  Chapter 3 and  Chapter 4. The strategic layer includes a 

methodology, named SPGBA, for providing support for making strategic decisions on logistic 

services. The operational layer deals with the implementation of the services and is composed of 

two methodologies: predicting the demand on the services and optimizing the routing of the 

vehicles to provide the logistic service. SOPLS integrates the former methodologies and partly 

addresses the following research question, raised in  Chapter 1: 

• RQ4: What is the impact of integrating strategic decision making, in RQ1, with the 

operational decision making, RQ2 and RQ3, on overall cost and benefit of the logistic 

services? How to evaluate the impact? 

The design and implementation of the proposed methodology, SOPLS, is discussed in this 

chapter, and the empirical evaluation will be addressed in  Chapter 6. 

 Structure: integration of strategic and operational components 5.2

The overall structure of the SOPLS method is illustrated in Figure  5.1, with the focus being on 

the integration of the computational modules in the strategic and operational layers.  



  

85 

 

 

Figure Figure Figure Figure  5555....1111    Integration of strategic and operational layersIntegration of strategic and operational layersIntegration of strategic and operational layersIntegration of strategic and operational layers    

The strategic layer contains three components: scenario generation, scenario evaluation, and 

scenario prioritization. The scenario generation works based on the methodology introduced 

in  Chapter 3, which integrates genetic algorithm (GA) with Bayesian belief network (BBN). It is 

aimed to search for the best/worst scenarios according to the given constraints, or perform goal-

seek search. The scenarios will be evaluated by the scenario evaluation component, using the 

BBN model, which is created from the domain knowledge. The outputs of the scenario 

evaluation are a set of Pareto optimal solutions (POS) (defined as in Formula  3.2). The POS will 

be prioritized in the next step, scenario prioritization, where the user preferences are used to 

automatically rank the scenarios. A methodology has been introduced which integrates analytical 

hierarchy process (AHP) with BBN for this purpose. The output of the strategic layer is a service 

scenario, selected by the decision maker, which will be evaluated in the operational layer. 

The service areas are designed for a service scenario and are assumed to be provided by the 

decision maker. There are two main computational modules at the operational layer: demand 
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prediction and routing optimization. These two components, as discussed in  Chapter 4, evaluate 

the service areas regarding two aspects. Firstly, predicting the demand on the service per service 

area estimates the workload and required resources. Secondly, the routing optimization provides 

the optimized routing for the vehicles, which estimates the length of the routes taken by the 

service providing vehicles. The outputs of the computations are processed in the operational 

evaluation component for improving the design of the service areas. The process repeats until an 

acceptable design by the decision maker is achieved.  

 Process: interaction between the components 5.3

In this section the details of data passing between the components and the computations 

performed on the data will be explained. The strategic layer, SPGBA method, is shown as one 

component which interacts with the operational components, demand prediction and routing 

optimization. This interaction is explained as a process, shown in Figure  5.2. 
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Figure Figure Figure Figure  5555....2222    Interaction between the strategic and operational componentsInteraction between the strategic and operational componentsInteraction between the strategic and operational componentsInteraction between the strategic and operational components    

The process includes seven steps, as follows: 

1. The result from the SPGBA method is a service scenario which has been selected by the 

user in order to be evaluated in the operational level.  

2. A design of the service areas is provided by the decision maker, for the selected service 

scenario. 

3. The goal of this step is to predict the demand on the services for each service area. The 

prediction model needs a dataset in order to perform the prediction for the desired inputs. 

The attributes of this dataset come from the characteristics of the service areas along with 

the other prediction settings (e.g. attribute weights) form the prediction parameters. The 

history records are extracted from the operational data and are used to create the training 

set. Finally, the prediction is performed on a set of records, representing the new service 
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areas. The value of the demand attribute(s) for the service areas, which are unknown, will 

be predicted using the prediction model.  

4. The interaction with the routing optimization component is similar to the demand 

prediction component. The optimization parameters depend on the characteristics of the 

routing problem. The required logistic data are extracted from the operational data based 

on the optimization parameters. The goal of this step is to optimize the logistic costs of 

the service areas, measured by the total distance travelled by the vehicles. 

5.  The outputs from steps 3 and 4 form a projection of the operational data in the future. 

This projected data is used for two purposes: evaluating the scenario from the operational 

perspective, and updating the initial BBN model. We assume the predicted demand and 

optimized logistic resources impact a set of variables, SV´, a subset of the system 

variables SV in the BBN model. The probability distribution for each variable SV´i is 

determined from a dataset Di which consists of a set of records extracted from the 

projected data. This process is discussed in the next step. 

6. In this step, the predicted and optimized values for the updated variables, from steps 5, 

are converted to the probability distributions, in order to feed back to the strategic layer. 

The conversion comes from the structure of the BBN model and the definition of the 

variable ranges. This depends on the type of the variable states, e.g. numerical range, or 

Boolean. The conversion for numerical variables is discussed here. The conversion can be 

simply adjusted for the other types of variables. 

For each state Sj of variable SV´i, the lower and higher bounds are defined as L(Sj) and 

H(Sj), from the BBN model. The probability for each state Sj of variable SV´i in dataset D 

is calculated as Formula  5.1. N is the size of Di. 

P�S¾� = 	 count
DD|L�S¾� ≤ DD < H�S¾��N 	 Formula Formula Formula Formula  5555....1111    

For example, assume a variable V has three states (H, M, L) and the ranges are defined as 

[100,+∞), [50,100), and (-∞, 50) for them respectively. And the records in the dataset 

have the following values for variable V: {25,30,40,50,55,70,80,90,100,112}. Then the 

probability distribution for the variable V would be (20%, 50%, 30%) for (H, M, L) 

respectively.  
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The outputs of this step are the updated variables’ distribution which will trigger 

adjusting the BBN model, hence repeating the whole strategy evaluation and scenario 

generation procedures. This could potentially lead to adjusting the strategy as well, which 

would form an iterative process for strategy evolution. 

7. The final analysis on the projected data deals with operational evaluation of the scenario, 

which provides the estimated demand on the service and the optimized travelling distance 

to provide the service. These outputs may not necessarily update the variables’ 

distribution in the BBN model but serve as additional information to the decision maker 

when planning the service scenarios.  

Figure  5.3 shows the usage of the data by the components in a timely manner. ∆t0 is the period of 

time which the operational data is used as the source for the prediction and optimization modules. 

∆t1 is the period which the strategy is going to be implemented. The initial strategy is planned 

based on the operational data (of ∆t0) and evaluated by the SPGBA method, which would lead to 

selecting a scenario. This scenario is evaluated in the operational layer to estimate the impact on 

the system variables. Therefore, a projected dataset is created which will be used to re-analyze 

the strategy and, potentially, adjust it. 

 

Figure Figure Figure Figure  5555....3333    Data usage according to timeData usage according to timeData usage according to timeData usage according to time    
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 Methodology: applying the SOPLS method in a target domain 5.4

In this section, the process of applying the SOPLS method, whose structure has been discussed 

in the previous section, will be presented. The process, as shown in Figure  5.4, starts with 

defining the services which are the subject of strategic and operational planning. Based on the 

services, the initial system variables are defined. These variables will then be refined and 

prioritized through a decision support tool Very Best Choice Light TM (VBC, 2013) (Ruhe, 2010). 

VBC is a collaborative tool for eliciting and ranking variables, requirements, or features. 

Stakeholders are defined in VBC to enter their preferences for the system variables.  VBC will 

then provide several analyses in order to rank and select the final set of variables. See Section  6.3 

for more details. 

 

Figure Figure Figure Figure  5555....4444. . . . Applying the SOPLS method in the target domainApplying the SOPLS method in the target domainApplying the SOPLS method in the target domainApplying the SOPLS method in the target domain    

In the next step, the BBN model is designed based on the domain knowledge. The probability 

distributions and tables are filled either from the existing data or the expert opinion. Once the 

BBN model is created, the parameters of the GA and AHP components (as discussed in  Chapter 

3) are set. Then, the strategic layer is evaluated from the strategic point of view, based on the 

user scenarios.  
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Parallel with building the strategic model, the operational models are designed too. First, the 

operational parameters are defined for the services. Then, the prediction and optimization models 

are created from the extracted parameters. These models are evaluated against history data and 

will be used for operational evaluation of the given strategy and design of the service areas. The 

strategic and operational evaluations are considered together in the overall evaluation of the 

SOPLS. The results would, potentially, trigger refining the BBN model (or GA and AHP) as well 

as operational parameters, or oven the definition of the services, which could lead to adjusting 

the models. 

The whole process of modeling and evaluation is a cycle which constantly improves and adjusts 

the underlying models. The proposed methodology is independent from the application domain. 

However, the underlying BBN model needs to be created for each application. Also, some 

parameters in the GA, AHP, and operational models need to be customized for the application. 

This customization has the advantage of incorporating the domain specific parameters in the 

computations and the decision making process. But, at the same time, it imposes an initial setup 

effort for each new application.   

 Implementation of SOPLS method 5.5

In this section, the implementation of the SOPLS method will be explained, as illustrated in 

Figure  5.5. The implementation is concerned with the development of the tools to automatically 

perform the computations, as required by the SOPLS components. 

Two layers have been considered: application and computation. In the application layer, the 

graphical user interface (GUI) provides the user with the use cases, such as defining a strategy, 

performing sensitivity analysis, calculating the routing of the vehicles etc.  



  

92 

 

 

Figure Figure Figure Figure  5555....5555    Implementation view of the SOPLS methodImplementation view of the SOPLS methodImplementation view of the SOPLS methodImplementation view of the SOPLS method    

The use cases, which will be defined in the next subsection, are supported by the SOPLS 

computation engine, in the computation layer. The SOPLS engine consists of the strategic and 

operational layer components, and the database. The strategic layer is a Java program that 

integrates the components of the SPGBA method: model-based scenario analysis, search-based 

scenario generation, and multi-criteria scenario prioritization. The operational layer includes the 

implementation of the demand prediction and route optimization modules. Finally, the database 

contains the required data by the underlying computational modules.  

The above layers and modules will be discussed in depth in the following subsections.  

5.5.1 Application layer 

The application layer deals with the user and provides the use cases through a graphical user 

interface. The visualization of the data and results are provided in this layer as well. In this 

section, the overview of the use cases is presented. The focus is on the use cases that are required 

for running the computational modules in the SOPLS method. The use cases are divided into 

three categories: providing inputs, performing computations, and analyzing outputs. Each 

category contains a set of use cases, as will follow. 
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5.5.1.1 Providing inputs 

The use cases in this category take the basic information from the user, as follows (illustrated in 

Figure  5.6): 

• Providing the cost-benefit model 

The Cost-benefit model (BBN model) is assumed to be prepared separately, using one of 

the existing tools such as AgenaRisk (Fenton, 2007), (SamIam, 2013) etc. The former 

tool is commercial and the latter is free. The model file should be in the “.cmp” format 

which is standard among BBN tools. This format allows reading the variables, their 

probability distributions, and the probability tables, which are enough for manipulating 

the model. 

• Providing the operational data, including the design of the service areas 

The operational data in this use case is the history data according to the implementation 

of the logistics services in the target application domain. The data includes the history 

data of the demand on the services and the logistic costs associated with the service areas. 

The exact attributes and dataset depend on the target application.  

 

Figure Figure Figure Figure  5555....6666    Use cases for providing the inputsUse cases for providing the inputsUse cases for providing the inputsUse cases for providing the inputs    

5.5.1.2 Performing computations 

The use cases in this category provide the user with the ability to perform the computations on 

the data at the strategic or operational levels. Four sets of computations are performed, as follows 

(see Figure  5.7). 
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Figure Figure Figure Figure  5555....7777    Use cases for performing the computationsUse cases for performing the computationsUse cases for performing the computationsUse cases for performing the computations    

Strategic planning 

All the computations regarding the strategy evaluation and selection are performed in this set of 

use cases, including the followings: 

• Defining a strategy/scenario 

In this use case the user enters a strategy and/or scenario. The main difference between a 

strategy and scenario, as stated in  Chapter 3, is that all the variables are assigned to a 

certain value in a scenario, while in a strategy only a subset of the variables are 

determined.  

• Performing scenario analysis 

The scenarios, entered by the user or generated from the genetic algorithm, are evaluated 

in this use case using the BBN model. The cost and benefit associated with the scenarios 

will be shown. 

• Performing sensitivity analysis 
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This use case provides the user with the ability to measure the impact of the input 

variables on cost and benefit. 

• Performing potential/risk analysis 

In this use case, the genetic algorithm optimization is performed to find the best/worst 

case scenarios that could happen as the results of a strategy. User enters the desired 

strategy, by assigning the value to some (or all) of the input variables. In case of the best 

case scenario (potential analysis) the system suggests some scenarios which lead to low 

cost and high benefit. In case of worst case scenario (risk analysis) the system finds some 

scenarios which would lead to high cost and low benefit.  

• Performing goal-seek analysis 

In this use case, user can search for the scenarios that lead to certain probabilities for cost 

and benefit. Several scenarios are offered to the user to make the final decision. The goal-

seek analysis can be performed on a BBN model without defining a strategy or with a 

strategy. In the former case, the decision maker tries to find the possibilities to reach to a 

certain goal, and the system will suggest a strategy to make it. In the latter case, the user 

has a strategy in hand and sets some variables, and the system will suggest the value for 

other variables in order to reach to the goal. 

Demand prediction 

The use cases in this category are a bit different from the strategic layer since the definition of 

demand and type of variables involved with the prediction need to be customized per application 

domain. Therefore, the exact definition of the use case will be customized too. However, a 

general definition for the use cases can be given as follows: 

• Selecting the service areas, and other parameters for making the prediction 

The user selects the desired service areas which have been already provided. Other 

parameters, depending on the application domain, are selected as well, e.g. time period 

which the prediction is to be made, or demographic parameters. The system will show the 

records for the selected service areas with their information. 

• Performing the prediction  
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The system performs the prediction on the selected service areas and records using the 

history data as the training set. The predicted demand for each service area will be shown. 

Route optimization 

There are two use cases related to the vehicle routing optimization, as follows: 

• Selecting the service areas 

The service areas are selected and the data records will be shown to the user for final 

selection. 

• Performing the optimization 

The system performs the computations on the selected service areas and the optimized 

total length of the routes will be shown per service area. 

5.5.1.3 Analyzing outputs 

This category of the use cases are related to the analyses that are provided to the user for making 

more efficient and transparent decisions. The analyses are performed on the results of the 

computations already made, and include the following (see Figure  5.8): 

  

Figure Figure Figure Figure  5555....8888    Use case for analyzing the outputsUse case for analyzing the outputsUse case for analyzing the outputsUse case for analyzing the outputs    

• Prioritizing the service scenarios 

The service scenarios are automatically ranked in this use case using the proposed 

methodology in SPGBA (integration of AHP with BBN).  
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• Comparing the service scenarios 

The scenarios also can be compared manually by the user. The system shows the 

scenarios and the cost and benefit associated with them. 

• Analyzing the demand prediction results 

The results of the prediction model are presented, visualized, and categorized by the 

service areas, time or other parameters.   

• Analyzing the routing optimization results 

The goal of this use case is to present and visualize the routes and their length calculated 

by the vehicle routing optimization. Statistics on the routes length, visualizing the routes, 

comparing the service areas, and categorizing the information by certain parameters such 

as the day of week are provided in this use case. The exact setting and parameters are 

customized for the application domain. 

• Comparing the design of the service areas 

When several designs are provided, they can be compared based on the results of demand 

prediction and routing optimization modules. For example, the variation of the length of 

the routes over service areas can be used to compare two designs. The comparison is used 

for selecting the design of the service areas. 

• Calculating the impact of a design of the service areas on a strategy 

Once the service areas are analyzed, the system provides the required functionality to 

apply it to a strategy (or service scenario). To achieve this, the required input variables in 

the BBN model will be updated automatically. Then, a new scenario will be created by the 

system for the evaluation purposes. See Section  5.3 for details on this process. 

5.5.2 Computation layer 

This layer includes the tools and codes which provide the computations and modeling required in 

the SOPLS method. It provides the required functionality to the use cases in the application layer. 

The center of this layer is the SOPLS computation engine which takes the inputs from the 

application layer and dispatches them to the proper modules. The data gathered from the 
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modules is stored in the database and the results are sent back to the application layer. The 

SOPLS engine interacts with the strategic and operational layer modules according to the use 

case type, being strategic or operational.  

5.5.2.1 Strategic layer 

The strategic layer handles the usage and integration of the SPGBA components and consists of 

three modules, which will be discussed in this section.  

Model-based scenario analysis 

This module is composed of Java classes which process the requests from the SOPLS engine, 

related to scenario management and analysis. There are three types of requests, as follows: 

• Retrieving model information 

The list of the variables with their states and probability distributions are returned to the 

application layer to be shown to the user and also for scenario definition. 

• Evaluating a scenario 

When evaluating a user scenario, or a scenario from the search-based scenario generation, 

this request is processed. The BBN model and the value of the input variables are the 

inputs, and the cost-benefit values are the outputs. 

• Performing sensitivity analysis 

This request is processed when performing sensitivity analysis for a variable. The BBN 

model, scenario, and the variable are provided, and a set of scenarios according to the 

sensitivity analysis with their associated value for the output variables will be returned. 

The Java API of AgenaRisk (Fenton, 2007) is used to implement the required functionalities of 

this module. The API provides the basic scenario analysis and manipulating the BBN model. The 

AgenaRisk tool, itself, is used to create the BBN model. 

Search-based scenario generation 

This module takes the scenario optimization parameters from the application layer (through the 

SOPLS engine), performs the computations, and provides the solutions. Figure  5.9 shows the 
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structure of this module, containing three main components: search parameters, GA-BBN 

controller, and the genetic parameters. 

 

Figure Figure Figure Figure  5555....9999    Structure of the Structure of the Structure of the Structure of the searchsearchsearchsearch----based scenario generation based scenario generation based scenario generation based scenario generation modulemodulemodulemodule    

The search parameters are as follows: 

• Running time 

This parameter is set by the user and determines how long the genetic algorithm can be 

run, in seconds. The suitable running time depends on the size of the BBN model and 

computational capability of the machine it is running on. In our experiment (described 

in  Chapter 6) in which the BBN model had 30 variables, the solutions in the goal-seek 

analysis were found under 60 seconds, on an average PC.  

• Solution size 

The size of the scenarios that are returned as the solution can be customized by the user. 

The purpose is to provide the user with multiple solutions and provide additional support, 

as discussed earlier, to choose the best one. 

• Search type 

The type of search is provided, which can be any of the followings: potential, risk, or 

goal-seek. 
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• BBN model 

The corresponding file for the BBN model is provided. It needs to be in “.cmp” format, 

which is standard for BBN tools. 

• Goal 

When performing goal-seek analysis, the probabilities for the output variables (Cost and 

Benefit in this method), which have been set by the user, are provided. 

The GA-BBN controller is composed of several Java classes which dynamically configure and 

run GA, based on the search parameters, and process the results from the GA search. JGAP 

(Meffert, 2013), which is an open source library for implementing GA in Java, is used for 

developing this module. It lets (and requires) the chromosome and fitness function be customized. 

Other GA parameters, like population size, generation count, etc., can be customized as well. 

Multi-criteria scenario prioritization 

The goal of this module is to prioritize a set of scenarios based on the user preferences. The 

scenarios are selected by the user from a set of service implementation scenarios, which can be 

user-defined or system-generated. The AHP model is supposed to be already created using AHP 

tools such as Open Decision Maker (ODM, 2013), which is an open-source tool.  

The computations are performed in a set of Java classes through the following steps: 

1. Retrieving the information of the AHP model, including the criteria and their weights 

2. Modifying the alternatives in the AHP model dynamically and setting them to the 

scenarios  

3. Pairwise comparison of the scenarios according to the ranking formula (see  Chapter 3) 

4. Running the AHP calculations using the ODM Java library (ODM, 2013) 

5. Providing the final ranking of the scenarios to the application layer (through SOPLS 

Engine) 
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5.5.2.2 Operational layer 

The operational layer is aimed to evaluate the design of the service areas. There are two modules 

in the operational layer, demand prediction and routing optimization, which will be discussed in 

this section. 

Demand prediction 

The inputs to this module are a set of service areas and their attributes. The exact attributes 

depend on the application domain, and may vary with the service type. Also provided is the 

history data on demands. This module is composed of a set of Java classes that integrate the 

Linear Regression and K-means Clustering methods from the Weka (Weka, 2013) library. The 

output of this module is the predicted demand for each service area. 

We extended Weka in several aspects. First, we added weights to the attributes for the similarity 

measure because the weighing of attributes was not supported automatically by Weka. Second, 

since Weka’s default implementation of clustering does not produce an output which assigns a 

particular record to a cluster, we performed additional modifications to the Weka code base to 

produce such an output. Finally, similar to the cluster evaluation, the customized output was 

added to the classification module in Weka in order to output the predicted value for the input 

records. The above codes are included in  Appendix A. 

Routing optimization 

The inputs to this module are the service areas and their geographic information, provided in the 

form of data files. The routing optimization module consists of a set of Java classes that optimize 

the routes for covering the service areas through the following steps: 

1. Converting the input data files to the equivalent graph problem 

2. Optimizing the route for each service area, according to the routing algorithm of  Chapter 

4 

3. Processing the results and returning the total length of the routes for each service area to 

the application layer (through SOPLS engine), as well as the detailed route. 
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Chapter 6 EMPIRICAL EVALUATION: CASE STUDY IN THE DOMAIN OF 

WASTE AND RECYCLING SERVICES 

 Introduction 6.1

In this chapter, the empirical evaluation of the proposed decision support methodology, SOPLS, 

in the domain of waste management is presented. This chapter addresses the evaluation part of 

the following research question, from  Chapter 1: 

• RQ4: What is the impact of integrating strategic decision making with the operational 

decision making on overall cost and benefit of the logistic services? How to evaluate the 

impact? 

The City of Calgary’s business unit for Waste & Recycling Services (WRS) manages waste and 

recycling collection for 300,000 residential homes and operates three landfills and various 

community recycling depots. Its focus is on taking action to protect Calgary’s environment, with 

the goal to recycle 80 per cent of waste by 2020. This strategic objective has created new 

challenges in process of service management, such as introduction of different recycling 

programs. 

The objective of strategic planning at WRS is to align the organization’s activities with its 

environment, thereby providing for its continuing survival and effectiveness. It requires 

monitoring its internal and external efficiency factors constantly for changes that may require 

modifying existing strategic and operational plans.  

Traditional strategic planning methods are no longer sufficient to manage this new dimension of 

size and complexity of services. Decision-making towards collection services needs to be done 

more effectively and efficiently in order to accommodate resource and budget constraints of the 

forthcoming years. 

A collaboration project was defined and has been ongoing between the University of Calgary and 

WRS for over three years (Ruhe, 2009). The key business goals of the project are (Ruhe, 2009): 

• Increasing collection efficiency in terms of vehicles, people and budget; 

• Providing transparency and trustworthiness of decisions made; 
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• Providing pro-active what-if analysis to support strategic decisions related to personal as 

well as fleet size and fleet type; 

• Facilitating future quantitative and qualitative extension of recycling services. 

 WRS context 6.2

WRS offers several services to the residential areas in form of collection programs, such as black 

carts (household waste), blue carts (recycling), green carts (organic and yard waste), Christmas 

tree collection etc. There are commercial services provided to the business units as well.  

WRS divides the City into three districts (with the corresponding landfills); each including 

smaller sections, named beat. 

Definition 6.1. A beat is defined as a geographical region of the city which can be 

serviced by one collection vehicle in one day, through one or two trips to the designated 

landfill. 

The designs and number of the beats vary among the services, so do the collection days and 

vehicles. For example, there are 470 beats, 120 vehicles, and 4 collection days (Tuesday to 

Friday) in the black cart program. From these 470 beats, 136 belong to district 1, 211 to district 2, 

and 123 to district 3. The landfills and beats are shown in the map of the City of Calgary in 

Figure  6.1.  

The beat designs, which are equal to the service areas design introduced in  Chapter 4, are very 

important in designing and managing the services. They are directly related to the number of 

vehicles and collection days in a week. Small beats are typically denser than the large beats, in 

terms of population. The information at WRS are collected and maintained in the level of the 

beats. The beats are constantly monitored and improved at WRS to increase the efficiency of the 

collections while keeping the quality of the services at an acceptable level. 

The decisions on the services vary from strategic to operational level. Examples of strategic 

decisions are: number of collection days, number of vehicles and drivers, budget allocation, level 

and quality of the services. Examples of the operational decisions are: designing the collection 

routes, assignment of vehicles to the routes, and vehicle types.  
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Figure Figure Figure Figure  6666....1111    Map of the City of Calgary with the landfills and beats highlighted (for the black cart service). Map of the City of Calgary with the landfills and beats highlighted (for the black cart service). Map of the City of Calgary with the landfills and beats highlighted (for the black cart service). Map of the City of Calgary with the landfills and beats highlighted (for the black cart service). 

The dotted lines show the border of the beats.The dotted lines show the border of the beats.The dotted lines show the border of the beats.The dotted lines show the border of the beats.    

There are two main factors in WRS’s decision making process: cost and quality of the services. 

Cost is measured in dollars spent for each type of service. Quality is measured as the customer 

satisfaction results from conducting surveys (currently about 92%). Normally, spending more on 

the services would lead to higher quality. This can be done through different strategies like 

training the staff, using more vehicles and drivers, shrinking the collection area and working 

hours etc. Similarly, cutting the budget on some of these parameters would lead to a lower 
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quality of service and more complaints from the customers (citizens). Therefore, the managers at 

WRS need to make a trade-off between the cost and quality of the services.  

Three main problems have been recognized in the overall decision space at WRS, as follows: 

1. Evaluating the strategies with their impact on Cost and Quality 

This problem refers to evaluating the impact of the strategies on cost and benefits of the 

services, at their design time. Currently, the strategies are defined solely based on the past 

experiences and corporate goals. Evaluating and justifying the strategies are considered as 

difficulties in the process of strategic planning at WRS. Providing decision support on the 

strategies would help the managers at WRS compare alternative strategies before 

implementing them in practice. 

2. Optimizing the routing of the vehicles  

This problem is related to the routing of the vehicles for providing different services. 

Currently, the drivers of the vehicles take the routes based on their experience and 

preferences. Designing an optimized route, manually, is a time-consuming process and is 

not practiced in WRS. Providing a decision support tool for designing the routes would 

lead to shorter routes and lower cost. 

3. Predicting the amount of waste 

The amount of waste (garbage, recycling, or organics) is an important input in the 

planning process at WRS. In the areas that more garbage is generated, smaller beats are 

used. Currently, the amount of waste is estimated for the whole city based on the growth 

factor. However, predicting the waste amounts in the level of the beats, especially for 

new and unused beat designs, would lead to more efficient beats and resource utilization.  

To summarize, the decisions related to the above problems are made at WRS with little tool 

support. The current decision making process at WRS includes manual computations, which 

makes it inefficient. The proposed decision support methodology in this thesis addresses the 

above problems by providing pro-active analysis on the strategic and operational decisions. 

Five case studies have been conducted to evaluate the performance of the SOPLS method for 

different parts of the problem, which will be discussed to the rest of this chapter. Case studies 1 
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and 2 are related to the strategic layer, and case studies 3 and 4 are related to the operational 

layer. Finally, case study 5 includes the results of evaluation of the overall solution (which 

integrates the strategic and operational layers) with the expert judgment.  

 Case study 1: Creating the cost-benefit model and validating with real 6.3

scenarios 

The core of the strategic layer is the cost-benefit model, which is a Bayesian belief network 

(BBN).  

Note. We use the two terms cost-benefit model and BBN model alternatively in this chapter. 

The goal of this case study is to create the BBN model from the domain knowledge, according to 

the methodology introduced in  Chapter 5, Section  5.4 (see Figure  5.4). To achieve this goal, 

several steps are defined, as follows: 

• Step 1: recognizing the variables involved in the decision making process at WRS 

• Step 2: creating the BBN model 

• Step 3: validating the model with real scenario from WRS 

• Step 4: revising the model 

The above steps will be addressed in the next sub-sections. 

6.3.1 Step 1: variable elicitation 

To elicit the system variables, an experiment was conducted using the Very Best Choice Light TM 

tool (Ruhe, 2010). Twenty stakeholders were defined, mostly from WRS and some from external 

partners. The initial set of variables included twenty parameters, which were known and selected 

through several meetings with the WRS managers. The variables were categorized in five groups: 

human, vehicle, routing, quality of service, and logistics.  

The stakeholders were required to: 

1. Revise the variables or introduce new ones. 

2. Assign a weight, from 1 (lowest) to 9 (highest), to the variables with regards to their 

impacts on cost and quality of service. A snapshot of the feature (i.e. variable) scoring 
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from in VBC is shown in Figure  6.2, where the stakeholders would drag the features to a 

desired score area. 

 

Figure Figure Figure Figure  6666....2222    A snapshot of the feature scoring form in VBCA snapshot of the feature scoring form in VBCA snapshot of the feature scoring form in VBCA snapshot of the feature scoring form in VBC    

VBC provides several analyses on the results of the voting. A trivial, and mostly used, analysis is 

the ranking of the variables. The top 15 highest ranked variables were selected for the next step: 

modeling.  

See Appendix  B.1 for the list of the variables and  B.2 for the results of ranking. 

6.3.2 Step 2: creating the BBN model 

Creating a BBN model needs the domain knowledge. Therefore, several modeling sessions were 

conducted with the WRS staff (managers and supervisors), which are the decision makers. The 

goal of the sessions was to collect the information required by the BBN model, which are as 

follows: 

• Relationships among the variables, towards the output variables 

• Probability distributions of the input variables 

• Probability tables of the intermediate and output variables 
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Figure Figure Figure Figure  6666....3333    BBN model, version 1BBN model, version 1BBN model, version 1BBN model, version 1    
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Some of the initial variables, selected in step 1, were modified, removed, and new variables were 

introduced in the modeling sessions. The created model (named BBN model, version 1) is 

illustrated in Figure  6.3. The output variables are Cost and QoS (Quality of Service). The 

probability distributions of the input variables and the calculated probabilities for the 

intermediate and output variables are shown as well. 

The input variables with their definition and probability distributions are shown in Table  6.1. 

Most of the variables in the model have three states (High, Medium, and Low) except three 

variables which have two states (High and Low). However, the meanings of the states vary 

among the variables. For example, for the variable ‘# of collection points per location’, which 

has two states high and low, high means ‘2+’ and low means ‘1’. The ‘Cost’ and ‘QoS’ variables 

have three states each (High, Medium, and Low) as well. See  Appendix C for the probability 

tables of the intermediate and output variables. 

Table Table Table Table  6666....1111    Variables with their definitions and proVariables with their definitions and proVariables with their definitions and proVariables with their definitions and probability distributionsbability distributionsbability distributionsbability distributions    

Variable  State 
Description 

High Medium Low 

# of collection 
points per location 

Meaning 1+ - 1 
Absolute number 

Probability 5% -  95% 

# of Staff (Admin) 
Meaning 1 0.5 0 Absolute number per 

district Probability 33% 33% 33% 

Admin duties 
Meaning 30+% - 10% Effort per day by 

foreman Probability 50%  - 50% 

Collection days per 
week 

Meaning 6 4 3 Although the actual 
collections days are 4, 

all the possibilities have 
been considered in the 

model 

Probability 33% 33% 33% 

BDU 
Meaning 950+ 700-950 700- Beat Design Unit, 

roughly size of the beats Probability 15% 84% 1% 

Fixed Cost 

Meaning Cost + (100% 
+) 

Cost + (95% -- 
100% +) 

Cost + (95% -)  
Costs like parking 

spaces, utility Probability 90% 5% 5% 

KM Travelled per 
day 

Meaning 100+ 80-100 80- 
Absolute KM 

Probability 35% 40% 25% 

Method of 
collection/Truck 
Configuration 

Meaning 2 - 1 
Number of collection 

staff per vehicle Probability 50%  - 50% 
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Variable  State 
Description 

High Medium Low 

Overtime 

Meaning beat 
completion + 

programs 

beat completion 0 

Overtime work of the 
staff 

Probability 40% 60% 0% 

Safety & 
Environment 

Program 

Meaning 1%+ 0 - 1% 0 
% of total budget 

Probability 33% 33% 33% 

Salary 
Meaning high current low High, medium, or low in 

dollars Probability 15% 60% 25% 

Salary (Admin) 
Meaning high medium current High, medium, or low in 

dollars Probability 0% 45% 55% 

Size of cab and 
chassis 

Meaning 2+ 2 1 
Number of axles 

Probability 0% 99% 1% 

Staff engagement 
Meaning 70%+ 50% - 70% 50%- % of staff who answered 

75% of the survey Probability 33% 33% 33% 

Training 
Meaning 6+ 2 -- 6 2- Overall FTE (Full Time 

Equivalent), in hours Probability 10% 55% 35% 

Truck capacity 
Meaning 10+ 8 -- 10 8- 

Absolute weight in Tons 
Probability  10% 80% 10% 

Waste amount per 
stop 

Meaning 9+ 7 -- 9 7- 
Absolute weight in KG 

Probability 15% 15% 70% 

 

6.3.3 Step 3: validating the BBN model 

Once the BBN model is created, the scenarios can be defined by assigning the variables to any of 

their states. Then, the model will calculate the probabilities for the output (and intermediate) 

variables. In this step, the BBN is validated against nine scenarios provided by WRS 

(see  Appendix D for the details on the scenarios). The scenarios we designed to cover the 

combinations of the Cost and QoS states (three states each).   

The outputs generated by the BBN model and the expected values for each scenario are shown in 

Table  6.2. H, M, and L represent High, Medium, and Low states, respectively. The format of the 

expected values (by WRS) is different from the outputs of the model as they represent the overall 

value of a variable, instead of the probabilities.  
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Comparing the model outputs with the expected values show that the model is accurate in 

calculating the Cost, but not so accurate for QoS. The shaded cells in Table  6.2 show the 

scenarios (4 to 9) where the model outputs and the expected values for QoS do not match. The 

accuracy of the BBN model depends on the probability distributions and tables of the variables. 

The considered variables and relationship among them affect the accuracy as well. So, the QoS 

model was selected for revision, which will be discussed in the next section. 

Table Table Table Table  6666....2222    Validation results: comparison of theValidation results: comparison of theValidation results: comparison of theValidation results: comparison of the    outputs generated by the BBN modeloutputs generated by the BBN modeloutputs generated by the BBN modeloutputs generated by the BBN model    version 1version 1version 1version 1    vs. the vs. the vs. the vs. the 

expectedexpectedexpectedexpected    values by WRSvalues by WRSvalues by WRSvalues by WRS    

Scenario 

Model outputs Expected 

Cost QoS 
Cost QoS 

H M L H M L 

1 77% 22% 0% 89% 9% 2% High High 

2 41% 56% 3% 89% 9% 2% Medium High 

3 30% 60% 9% 79% 9% 12% Low High 

4 87% 13% 0% 85% 11% 4% High Medium 

5 47% 51% 1% 83% 13% 4% Medium Medium 

6 13% 58% 29% 74% 12% 13% Low Medium 

7 88% 12% 0% 42% 26% 32% High Low 

8 67% 31% 1% 79% 15% 6% Medium Low 

9 25% 58% 17% 67% 17% 16% Low Low 

 

6.3.4 Step 4: revising the BBN model 

A similar process (modeling sessions) was taken for revising the BBN model. The revised part of 

the model (regarding QoS) is shown in Figure  6.4. See  Appendix E for the complete model, 

named BBN model version 2, and the new probability distributions and tables. 

Note. There were several intermediate models from version 1 to 2, which are not reported here. 

The final model has 38 variables, from which 22 variables are the inputs to the model, 2 

are the outputs, and 14 are the intermediate variables. 
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Figure Figure Figure Figure  6666....4444    Revised part of the BBN Revised part of the BBN Revised part of the BBN Revised part of the BBN model; snapshot from AgenaRiskmodel; snapshot from AgenaRiskmodel; snapshot from AgenaRiskmodel; snapshot from AgenaRisk    

The new model was validated against the scenarios provided by WRS. The scenarios were 

modified to reflect the new variables (see  Appendix F for the updated scenarios). The results are 

shown in Table  6.3 and show that the new model creates more accurate results. 

This model was chosen as the base for further computations in the next case studies. 

Table Table Table Table  6666....3333    Validation results: comparison of the outputs generated by the BBN model version 2 vs. the Validation results: comparison of the outputs generated by the BBN model version 2 vs. the Validation results: comparison of the outputs generated by the BBN model version 2 vs. the Validation results: comparison of the outputs generated by the BBN model version 2 vs. the 

expected valuesexpected valuesexpected valuesexpected values    by WRSby WRSby WRSby WRS    

Scenario 

Model outputs Expected 

Cost QoS 
Cost QoS 

H M L H M L 

1 78% 22% 0% 84% 15% 1% High High 

2 28% 61% 11% 84% 15% 1% Medium High 

3 14% 57% 29% 95% 5% 0% Low High 

4 87% 13% 0% 16% 34% 50% High Medium 

5 40% 57% 3% 28% 39% 33% Medium Medium 

6 12% 57% 31% 29% 39% 32% Low Medium 

7 88% 12% 0% 4% 20% 76% High Low 

8 67% 32% 1% 3% 18% 79% Medium Low 

9 25% 58% 17% 3% 18% 79% Low Low 

 



  

113 

 

6.3.5 Threats to validity 

There are some threats to the validity of the results of this case study from the internal 

perspective. The accuracy of the results depends on the accuracy of the BBN model, which is 

created from the domain knowledge. Any error in creating the BBN model, such as relationship 

among the variables and probability distributions and tables, would lead to inaccurate 

probabilities for the output variables. We minimized the potential errors by iterative evaluation 

and revision of the model.  

 Case study 2: Evaluating the strategic layer of SOPLS (SPGBA method) 6.4

In this case study the proposed methodology for strategic planning of logistic services, named 

SPGBA, is evaluated in the WRS case study. The SPGBA method, as discussed in  Chapter 3, 

consists of the following methodologies: 

• Model-based scenario analysis 

• Search-based scenario generation 

• Multi-criteria scenario prioritization 

The results of applying the above methodologies to strategic decision making at WRS will be 

presented in the following sections. 

6.4.1 Evaluating model-based scenario analysis 

The analyses in this group are performed using only the BBN model. It includes user scenario 

analysis and sensitivity analysis. 

6.4.1.1 User scenario analysis 

The user scenario analysis, which is a basic analysis for BBN, calculates the outputs (Cost and 

QoS) for a given scenario. Examples of the scenarios have been discussed in Case Study 1, Step 

3, for validating the model.  

The baseline scenario, S0, in which the variables are kept as their default values, leads to the 

probabilities shown in Table  6.4. The baseline scenario is used as the reference for measuring the 

impact of each sensitivity scenario on Cost and QoS. 
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Table Table Table Table  6666....4444    Cost and QoS for the baseline scenarioCost and QoS for the baseline scenarioCost and QoS for the baseline scenarioCost and QoS for the baseline scenario    

Scenario Cost QoS 

High Medium Low High Medium Low 

Baseline 60.7% 36.3% 3.1% 80.8% 13.6% 5.6% 
 

6.4.1.2 Sensitivity analysis 

The sensitivity analysis examines all the states for each input variable, separately, in order to find 

the variables with the highest impact on the model outputs. The impact is measured using 

Formula  6.1 and Formula  6.2, which are instantiations of Formula  3.1 (in  Chapter 3). This way, a 

real value is assigned to each sensitivity scenario, represented by Si, for Cost and QoS, separately. 

This definition is based on the comparison of the current scenario to the baseline scenario, S0.  

F�SD, Cost� = �CostDC −	CostIC� + �CostIx −	CostDx�	 Formula Formula Formula Formula  6666....1111    

F�SD, QoS� = �QoSDC −	QoSIC� + �QoSIx −	QoSDx� Formula Formula Formula Formula  6666....2222    

In Formula  6.1, 79:;� is the probability of Cost being ‘High’ for scenario i and 79:;I� for the 

baseline. 79:;Ë is the probability of Cost being ‘Low’ for scenario i and 79:;IË 	for the baseline. 

The objective function is defined similarly for QoS as Formula  6.2.  

So, if the probability of being ‘High’ is increasing by a change in the inputs, it means that the 

Cost (or QoS) is increasing in that scenario. But, if the probability of being ‘Low’ is increasing, 

it means that the Cost (or QoS) is decreasing. We did not consider the ‘Medium’ category 

because increasing or decreasing of it does not necessarily mean that the Cost (or QoS) is 

increasing or decreasing.  

Following the methodology discussed in Section  3.4.3, 63 scenarios were created by setting each 

input variable to one of its possible states, one at a time, while keeping the other variables 

unchanged. The impact on Cost ranges from -37% to 19% and QoS from -109% to 7%. The top 

three most influential variables on Cost and QoS, positive and negative impacts, are shown in 

Table  6.5 and Table  6.6 respectively. See  Appendix G for a complete list of the sensitivity 

scenarios. 
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Table Table Table Table  6666....5555    Top three most influential variables on Cost; positive and negative impactsTop three most influential variables on Cost; positive and negative impactsTop three most influential variables on Cost; positive and negative impactsTop three most influential variables on Cost; positive and negative impacts    

Variable 
State 

Cost QoS 
Impact 

High Medium Low High Medium Low 

 
Baseline 60.7% 36.3% 3.1% 80.8% 13.6% 5.6% Cost QoS 

Fixed Cost Low 32.8% 55.1% 12.1% 80.8% 13.6% 5.6% -37% 0% 

Fixed Cost Medium 45.7% 49.9% 4.5% 80.8% 13.6% 5.6% -16% 0% 

Salary Low 49.3% 44.6% 6.1% 80.8% 13.6% 5.6% -14% 0% 

          

Method of 
collection/Truck 
Configuration 

High 64.7% 33.1% 2.2% 80.8% 13.6% 5.6% 5% 0% 

KM Travelled 
per day 

High 66.3% 31.4% 2.3% 80.8% 13.6% 5.6% 6% 0% 

Salary High 77.1% 22.3% 0.6% 80.8% 13.6% 5.6% 19% 0% 

 

Table Table Table Table  6666....6666    Top three influential variables on QoS; positive and negative impactsTop three influential variables on QoS; positive and negative impactsTop three influential variables on QoS; positive and negative impactsTop three influential variables on QoS; positive and negative impacts    

Variable 
State 

Cost QoS 
Impact 

High Medium Low High Medium Low 

 
Baseline 60.7% 36.3% 3.1% 80.8% 13.6% 5.6% Cost QoS 

# of Issues from 
the same address 

Low 60.7% 36.3% 3.1% 16.9% 32.6% 50.6% 0% -109% 

Issue Type Behavior 60.7% 36.3% 3.1% 34.8% 22.2% 43.0% 0% -83% 

# of Issues from 
the same address 

Medium 60.7% 36.3% 3.1% 65.7% 18.0% 16.3% 0% -26% 

          

Issue Type Collection 60.7% 36.3% 3.1% 84.1% 12.8% 3.1% 0% 6% 

Quality of 
Resolution 

High 60.7% 36.3% 3.1% 85.0% 11.6% 3.3% 0% 7% 

Admin duties High 62.6% 34.9% 2.4% 85.9% 10.4% 3.7% 3% 7% 

 

The most influential variables in Table  6.5 and Table  6.6 were selected by considering individual 

scenarios. Another technique can be applied by measuring the range of the impact of all states 

for each input variable. Then, a Tornado graph is created for each state of Cost and QoS, which 

shows the most influential variables. The Tornado graphs for the ‘High’ state of Cost and QoS 

are shown in Figure  6.5 and Figure  6.6 respectively. 

It is observed that the variable ‘Overtime’ does not have an “extreme” impact on Cost, but has 

one of the widest ranges. A similar observation is made for the impact of ‘Time to resolve the 

issue’ on QoS. 
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Figure Figure Figure Figure  6666....5555    Tornado graph for Cost being High; ‘Collection Method’ repreTornado graph for Cost being High; ‘Collection Method’ repreTornado graph for Cost being High; ‘Collection Method’ repreTornado graph for Cost being High; ‘Collection Method’ represents ‘sents ‘sents ‘sents ‘Method of collection/Truck Method of collection/Truck Method of collection/Truck Method of collection/Truck 

ConfigurationConfigurationConfigurationConfiguration’’’’    

 

Figure Figure Figure Figure  6666....6666    Tornado graph for QoS being High; ‘# of Issues from t...’ represents ‘Tornado graph for QoS being High; ‘# of Issues from t...’ represents ‘Tornado graph for QoS being High; ‘# of Issues from t...’ represents ‘Tornado graph for QoS being High; ‘# of Issues from t...’ represents ‘# of Issues from the same # of Issues from the same # of Issues from the same # of Issues from the same 

addressaddressaddressaddress’ and ‘Time to resolve t...’ represents ‘’ and ‘Time to resolve t...’ represents ‘’ and ‘Time to resolve t...’ represents ‘’ and ‘Time to resolve t...’ represents ‘TTTTime to resolve the issueime to resolve the issueime to resolve the issueime to resolve the issue’’’’    

6.4.2 Evaluating search-based scenario generation 

A methodology was proposed in Section  3.5 for potential, risk, and goal-seek analysis by 

integrating Genetic Algorithms (GA) with Bayesian belief network (BBN). These analyses can 

be performed on specific strategies to compare their possible outcomes, or on the baseline 

scenario to evaluate the current status of the model.  

The experiment includes two main steps: setting up the GA model and performing the analyses. 
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6.4.2.1 Setting up the GA model 

The GA model in this experiment consists of the following components: 

1. Chromosome, which represents a scenario with its associated Cost and QoS, provided by 

BBN  

2. Fitness functions for potential analysis 

3. Fitness function for risk analysis 

4. Fitness function for goal-seek analysis 

The above components are defined only once for each BBN model. There are some parameters 

which may vary in each experiment and need to be optimized, such as population size and 

number of generations. The impact of variation of these parameters, which directly impact the 

running time, will be analyzed as well.   

Chromosome 

Each chromosome has 22 genes, according to the 22 input variables. Most of the genes have 

three states (H, M, and L according to High, Medium, and Low) except three genes which have 

two states (H and L according to High and Low). Therefore, a chromosome will be a sequence of 

H, M, and L characters. A sample chromosome is shown in Table  6.7. 

Table Table Table Table  6666....7777    A sample chromosomeA sample chromosomeA sample chromosomeA sample chromosome    

Sample 

Chromosome 
L L L L H M L H H L L L H H H H M H M H H H 

 

Fitness function for potential analysis 

In potential analysis, as defined in Section  3.5, the scenarios with the lowest Cost and highest 

QoS are searched. So, the fitness function should be designed in such a way to reflect that. The 

input to the fitness function is a chromosome, which here is a scenario in BBN. The fitness 

function contains two steps:  

1. Evaluating each chromosome (scenario) using the BBN model and obtaining the 

probabilities for Cost and QoS 

2. Processing the probabilities and assigning the fitness value to each chromosome 
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The first step is performed similar to running a scenario, as discussed in Section  6.4.1.1, and is 

similar for all the fitness functions in this section. 

The second step, which is the main characteristic of the fitness function, needs to be defined 

carefully. Several functions have been tried and the best one is shown in Formula  6.3.  

G�Chromosome�
= �0.2 ∗ CostC + 0.3 ∗ Cost^ + 0.5 ∗ Costx� + �0.5 ∗ QoSC + 0.3
∗ QoS^ + 0.2 ∗ QoSx�	

Formula Formula Formula Formula  6666....3333    

This function is a linear combination of all the states in Cost and QoS. CostH, CostM, and CostL 

are the probabilities from evaluating the chromosome by the BBN model. These numbers are 

similarly measured for QoS. The fitness function assigns a real value in the range of [0.4, 1] to 

each chromosome. The weight of 0.4 is calculated for the worst possible scenario, which has the 

highest probability for Cost (1, 0, 0) and lowest for QoS (0, 0, 1), according to (High, Medium, 

Low) states. The weight of 1 is calculated for the best possible scenario with the lowest Cost (0, 

0, 1) and highest QoS (1, 0, 0). 

Note. The probabilities are shown as real numbers in this section, instead of the percentages. E.g. 

1 is equal to 100% and 0.3 is equal to 30%. 

Other functions are possible by varying the weight of the states. One might say why to assign a 

weight of 0.2 to the CostH and not 0? Actually, this was tried and showed that the results are not 

better than the proposed function. The reason is that the fitness function should be designed so 

that the diversity of the populations is maintained across the generations. So, even the lower 

preferred chromosomes are kept in the populations in order to increase the diversity of the 

chromosomes and decrease the chance of being trapped in a local optimum.  

Fitness function for risk analysis 

In risk analysis, the scenarios with the highest Cost and lowest QoS are searched. The structure 

of the fitness function is similar to potential analysis, expect with different weights for Cost and 

QoS states. This function, as illustrated in Formula  6.4, assigns a fitness value in the range of 

[0.4, 1] to the chromosomes as well, with 0.4 being the least and 1 the most preferred fitness 
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value. Again, positive weights are assigned to all the states to keep the diversity of the 

populations. 

G�Chromosome�
= �0.5 ∗ CostC + 0.3 ∗ Cost^ + 0.2 ∗ Costx� + �0.2 ∗ QoSC + 0.3
∗ QoS^ + 0.5 ∗ QoSx�	

Formula Formula Formula Formula  6666....4444    

Fitness function for goal-seek analysis 

The goal-seek analysis is different from the previous two, as the goal is to achieve the requested 

probabilities for Cost and QoS. This type of search is considered here as backward search, as 

opposed to the potential and risk analyses which perform forward search. 

Since exact numbers are desired for each state of each output variable, similar weights are 

assigned to the states (all 1). Also, the absolute differences are calculated for each state of Cost 

and QoS from the requested goal (denoted by g*). The proposed fitness function is shown in 

Formula  6.5, where gCdefg represents the requested probability of Cost being High. Other states 

for Cost and QoS are denoted similarly. 

G�Chromosome, g∗�
= �abs�CostC − gCdefg� + abs�Cost^ − gd̂efg� + abs�Costx − gxdefg��
+ �abs�QoSC − gCkeG� + abs�QoS^ − gk̂eG� + abs�QoSx − gxkeG��	

Formula Formula Formula Formula  6666....5555    

This function assigns a fitness value in the range of [0, 4] to each chromosome. The fitness value 

0 means that the goal has been reached and the chromosome is the requested scenario. The value 

4 is given to a chromosome which leads to the most different probabilities for Cost and QoS. 

This happens when the goal is, e.g., {Cost (1, 0, 0) and QoS(1, 0, 0)} and the chromosome 

creates {Cost (0, 1, 0) and QoS(0, 1, 0)}.  

6.4.2.2 Performing the analyses 

In this section, the results of performing the potential, risk, and goal-seek analyses are presented. 

As mentioned earlier, there are some parameters specific to GA which need to be tuned for each 

analysis, such as population size and number of generations. So, the following questions are 

answered for each analysis: 
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• What are the scenarios with the highest fitness values? 

• What is the impact of population size on the fitness of the results?  

• What is the impact of number of generations on the fitness of the results? 

Results of potential analysis 

We investigate the impact of population size and number of generations on fitness of the results 

by varying each one from 10 to 100, with the step-size of 10. So, 100 experiments were 

conducted to try all the combinations, and leaded to the results shown in Figure  6.7. 

As can be seen, the fitness value (of the fittest chromosome) increases with the population size or 

number of generations. The maximum fitness reaches 0.90 when population size or number of 

generations is 50 or higher. 

 

Figure Figure Figure Figure  6666....7777    Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome 

in potential analysisin potential analysisin potential analysisin potential analysis    

Table  6.8 shows the top 4 scenarios from the potential analysis, with the following settings: 

• Number of generations: 50 

• Size of the population: 50 
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• Mutation rate: 0.08 

• Crossover rate: 0.35 

The above settings were selected because the maximum fitness value is achieved by the 

minimum running time (which is a factor of number of generations and size of the population). 

Table Table Table Table  6666....8888    Results from potential analysis: top 4 scenariosResults from potential analysis: top 4 scenariosResults from potential analysis: top 4 scenariosResults from potential analysis: top 4 scenarios    

Chromosome 
Fitness 

value 
CostH CostM CostL QoSH QoSM QoSL 

L,L,L,L,H,M,L,H,H,L,L,L,H,H,H,H,M,H,M,H,H,H 0.90 0.04 0.42 0.55 0.97 0.03 0.00 

L,L,L,L,H,M,L,H,H,L,L,L,H,H,H,H,M,H,M,M,H,H 0.90 0.04 0.42 0.55 0.97 0.03 0.00 

L,L,L,L,H,M,L,H,H,L,L,L,H,H,H,H,M,H,M,M,M,H 0.90 0.04 0.42 0.55 0.97 0.03 0.00 

L,L,L,L,H,M,L,H,H,L,L,L,H,H,H,H,M,H,M,H,M,H 0.90 0.04 0.42 0.55 0.97 0.03 0.00 
 

Results of risk analysis 

The investigations on risk analysis were performed similarly, except with a different fitness 

function (as in Formula  6.4). The results are illustrated in Figure  6.8 and show that when the 

number of generations is 20 or higher, the best fitness will be achieved (0.90). 
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Figure Figure Figure Figure  6666....8888    Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome 

in risk in risk in risk in risk analysisanalysisanalysisanalysis    

Table  6.9 shows the top 4 scenarios from the risk analysis, with the following setup: 

• Number of generations: 50 

• Size of the population: 50 

• Mutation rate: 0.08 

• Crossover rate: 0.35 

Table Table Table Table  6666....9999    Results from risk analysis: top 4 scenariosResults from risk analysis: top 4 scenariosResults from risk analysis: top 4 scenariosResults from risk analysis: top 4 scenarios    

Chromosome 
Fitness 

value 
CostH CostM CostL QoSH QoSM QoSL 

H,H,H,H,L,H,H,L,L,L,L,H,L,L,L,M,L,L,H,L,L,L 0.99 0.94 0.06 0.00 0.00 0.00 1.00 

H,H,H,H,L,H,H,L,L,L,L,H,L,L,L,M,L,L,M,L,L,L 0.99 0.94 0.06 0.00 0.00 0.00 1.00 

H,H,H,H,L,L,H,L,L,L,L,H,L,L,L,M,L,L,M,L,L,L 0.99 0.94 0.06 0.00 0.00 0.00 1.00 

H,H,H,H,L,M,H,L,L,L,L,H,L,L,L,M,L,L,H,L,L,L 0.99 0.94 0.06 0.00 0.00 0.00 1.00 
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Results of goal-seek analysis 

We performed several experiments to evaluate the performance of the proposed methodology for 

goal-seek analysis. The first experiment was similar to the previous analyses in which the 

population size and number of generations are varied. In this analysis, the lower fitness values 

are more desirable as they represent the difference from the goal. The results for the goal of 

{Cost (0.40, 0.50, 0.10) and QoS (0.80, 0.15, 0.05)} are illustrated in Figure  6.9. As can be seen, 

the fitness values are decreasing with increasing the population size or number of generations. 

The minimum fitness value (0.007) was achieved for population size of 100 and 90 generations. 

However, when the population size and number of generations is 50 or higher, the fitness values 

are around 0.02. So, we use this setting in further experiments for the goal-seek analysis. 

 

Figure Figure Figure Figure  6666....9999    Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome Impact of population size and number of generations on fitness value of the fittest chromosome 

in goalin goalin goalin goal----seek analysisseek analysisseek analysisseek analysis    

The top 2 scenarios for the above goal are illustrated in Table  6.10, with the following setup: 

• Number of generations: 50 
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• Size of the population: 50 

• Mutation rate: 0.08 

• Crossover rate: 0.35 

Table Table Table Table  6666....10101010    Results from goalResults from goalResults from goalResults from goal----seek analysis for the seek analysis for the seek analysis for the seek analysis for the goal of Cost (0.40, 0.50, 0.10) and QoS (0.80, 0.15, goal of Cost (0.40, 0.50, 0.10) and QoS (0.80, 0.15, goal of Cost (0.40, 0.50, 0.10) and QoS (0.80, 0.15, goal of Cost (0.40, 0.50, 0.10) and QoS (0.80, 0.15, 

0.05)0.05)0.05)0.05)    

Chromosome 
Fitness 

value 
CostH CostM CostL QoSH QoSM QoSL 

H,H,L,M,M,L,M,L,H,H,H,H,H,L,L,M,M,H,H,L,H,H 0.02 0.40 0.50 0.10 0.79 0.16 0.05 

H,H,L,M,M,L,M,L,M,H,H,H,H,L,L,H,M,H,H,L,H,H 0.02 0.40 0.50 0.10 0.79 0.16 0.05 
 

We performed further experiments with the above settings but for different goals. The results are 

illustrated in Table  6.11 with the closest found solution to each goal. 

Table Table Table Table  6666....11111111    Results from goalResults from goalResults from goalResults from goal----seek analysis for different goalsseek analysis for different goalsseek analysis for different goalsseek analysis for different goals    

Chromosome 
Fitness 

value 

Goal Solution 

Cost QoS Cost QoS 

(H,M,L) (H,M,L) (H,M,L) (H,M,L) 

H,L,L,L,H,L,M,H,M,H,H,H,H,L,L,L,M,H,H,H,H,M 0.11 0.3,0.5,0.2 0.8,0.2,0 0.3,0.52,0.18 0.8,0.16,0.04 

L,L,H,M,H,H,H,M,H,H,M,L,L,H,M,H,M,H,H,H,L,M 0.02 0.6,0.2,0.2 0.9,0.1,0 0.6,0.37,0.03 0.9,0.09.0.01 

H,H,H,H,L,M,H,L,M,H,H,H,L,L,L,L,L,L,L,L,L,L 0.14 1,0,0 0,0,1 0.93,0.07,0.03 0,0,1 

L,L,L,L,H,M,L,H,H,L,L,L,H,H,H,H,M,H,M,H,M,H 0.97 0,0,1 1,0,0 0.03,0.42,0.55 0.97,0.03,0 
 

6.4.3 Evaluating multi-criteria scenario prioritization 

In this section, the scenario prioritization technique, introduced in  Chapter 3, is evaluated. The 

proposed methodology integrates BBN with AHP (Analytical Hierarchy Process) in order to 

prioritize a given set of scenarios.  

6.4.3.1 Setting up the AHP model 

The AHP model in this case study is an extension of the one discussed in  Chapter 3, with the 

sub-criteria been added to each criterion. The reason is that each criterion (Cost and QoS) has 

three states (High, Medium, Low) and only considering the High state is not enough. So, we 

consider the High and Low states as the sub-criteria of each criterion. The Medium state is 

skipped as the increase or decrease in its value cannot be interpreted necessarily as increase or 

decrease in Cost or QoS. 
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Having considered the above extension, the following components are defined for the AHP 

model: 

• Goal: selecting the most cost-effective scenario 

• Criteria: Cost and QoS (Quality of Service) 

• Sub-criteria: High and Low for each of Cost and QoS 

• Alternatives: scenarios with their evaluation using the BBN model 

The developed AHP model is shown in Figure  6.10. The model is created once and stays the 

same as long as the criteria do not change. However, as discussed in  Chapter 5, the alternatives 

are created dynamically and automatically from the BBN scenarios.  

 

Figure Figure Figure Figure  6666....10101010    AHP model for WRSAHP model for WRSAHP model for WRSAHP model for WRS    

There are three types of pair-wise comparison in the AHP model of WRS: 

• Pair-wise comparison of the criteria 

This comparison is performed at the time of creating the AHP model. For this experiment, 

we assume that Cost and QoS are equally important. 

• Pair-wise comparison of the sub-criteria 

… 

Selecting the most cost-

effective scenario 

Cost 
Quality of 

Service 

Scenario 1 Scenario N 

Goal 

Criteria 

Alternatives 

High Low High Low Sub-criteria 
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This comparison is performed at the time of creating the AHP model as well. We 

considered the High state to be twice as important as Low for both Cost and QoS. The 

comparison matrix is shown in  Table  6.12. 

Table Table Table Table  6666....12121212    Comparison matriComparison matriComparison matriComparison matrix for High and Low subx for High and Low subx for High and Low subx for High and Low sub----criteriacriteriacriteriacriteria    of Cost and QoS of Cost and QoS of Cost and QoS of Cost and QoS     

 High Low 

High 1 2 

Low 1/2 1 

 

• Pair-wise comparison of the alternatives 

This comparison is performed automatically using Formula  3.11, every time a set of 

scenarios are prioritized. The difference is that the comparisons are performed for the 

sub-criteria here. So, the ‘Positive’ and ‘Negative’ impacts (on the desirability of the 

alternatives) are assigned to each sub-criterion, as illustrated in  Table  6.13. The 

preferences are given to low Cost and high QoS alternatives. 

Table Table Table Table  6666....13131313    Impacts of the subImpacts of the subImpacts of the subImpacts of the sub----criteriacriteriacriteriacriteria    on desirability of the alternativeson desirability of the alternativeson desirability of the alternativeson desirability of the alternatives    

Criterion Sub-criterion Impact 

Cost 

High Negative 

Low Positive 

QoS 

High Positive 

Low Negative 

 

Formula  3.11 is modified as Formula  6.6 for comparing two alternatives i and j, 

according to sub-criterion c: 

fÎ�i, j�

=
��
�
���
F�i, c� − F�j, c� + 1																			F�i, c� ≥ F�j, c�1	/	�F�j, c� − F�i, c� + 1�								F�i, c� < F�j, c�� 													c	has	positive	impact		
�1	/	�F�i, c� − F�j, c� + 1�									F�i, c� ≥ F�j, c�F�j, c� − F�i, c� + 1																			F�i, c� < F�j, c�� 										c	has	negative	impact

	

	

Formula Formula Formula Formula  6666....6666    

In Formula  6.6, F(i,c) for each sub-criterion is calculated using the following formulas:  
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F�i, CostCDEF� = 	10 ∗ CostCDEFD 	 Formula Formula Formula Formula  6666....7777    

F�i, Costxey� = 	10 ∗ CostxeyD  Formula Formula Formula Formula  6666....8888    

F�i, QoSCDEF� = 	10 ∗ QualityCDEFD  Formula Formula Formula Formula  6666....9999    

F�i, QoSxey� = 	10 ∗ QualityxeyD  Formula Formula Formula Formula  6666....10101010    

For example, consider the following alternatives: 

• i	=	
Cost	�0.6	,	0.1	,	0.3�	,	QoS	�0.8	,	0.1	,	0.1��		
• j	=	
Cost	�0.7	,	0.1	,	0.2�	,	QoS	�0.9	,	0.1	,	0��	
Then, fÎ�i, j� is calculated for each sub-criterion, as follows: 

• f����Ð¶ÑÒ�i, j� = 	10 ∗ 0.7 − 10 ∗ 0.6 + 1 = 2	
• f����ÓÔÕ�i, j� = 	10 ∗ 0.3 − 10 ∗ 0.2 + 1 = 2	
• f��ÖÐ¶ÑÒ�i, j� = 	1/�10 ∗ 0.9 − 10 ∗ 0.8 + 1� = 1/2	
• f��ÖÓÔÕ�i, j� = 	1/�10 ∗ 0.1 − 10 ∗ 0 + 1� = 1/2	

The above definitions are enough for performing the pairwise comparison of the alternatives 

automatically. 

6.4.3.2 Prioritizing the scenarios 

The scenarios can be the result of any of the analyses provided in the strategic layer: user 

scenario, sensitivity, potential, risk, and goal-seek analysis. In any case, there are a set of 

scenarios with their associated Cost and QoS. 

For example, consider the scenarios in Table  6.3 which were provided by WRS to validate the 

BBN model, version 2. In this section, they are prioritized using the proposed technique. The 

calculated weights for the alternatives are illustrated in Table  6.14. The results show that 

scenarios 3, 2, 6, and 1 have the highest weight among all, hence are more desirable, according 

to the user preferences. 

Note. Higher weight for Cost implies that the scenario leads to a lower Cost. The weights 

represent the desirability. 
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Table Table Table Table  6666....14141414    Calculated weights of the scenarios accordinCalculated weights of the scenarios accordinCalculated weights of the scenarios accordinCalculated weights of the scenarios according to each criterion and in totalg to each criterion and in totalg to each criterion and in totalg to each criterion and in total    

Alternative 
Weight for Criteria 

Total Weight 
Cost QoS 

Scenario 1 0.04 0.24 0.14 

Scenario 2 0.14 0.24 0.19 

Scenario 3 0.22 0.29 0.26 

Scenario 4 0.03 0.04 0.04 

Scenario 5 0.08 0.06 0.07 

Scenario 6 0.26 0.06 0.16 

Scenario 7 0.03 0.02 0.03 

Scenario 8 0.05 0.02 0.04 

Scenario 9 0.14 0.02 0.08 

6.4.4 Threats to validity 

There are some threats to the validity of the results from the internal and external perspectives. 

Considering the internal validity, the scenarios created automatically by the BBN model may not 

be always feasible. So, judgment of the domain expert is needed to filter out the unfeasible 

scenarios. However, the parameters of the BBN model in the case study were tuned such that this 

problem does not occur. The accuracy of the BBN model and weighting of the criteria in the 

AHP procedure are other factors that influence the results.  

The external validity concerns with the reproducibility of the proposed method. The SPGBA 

method was designed to be applicable in the domain of logistic services. An illustrative example 

was discussed in  Chapter 3 as well as the real world case study in this section, to evaluate the 

performance of SPGBA. The main assumption made in the SPGBA method is that the cost and 

benefit of the logistic services can be modeled by BBN. Once this model is created for the cost-

benefit problem, the methodology is applicable to the target application.  

Part of the SPGBA method (the integration of BBN and AHP) has been evaluated in another case 

study in the area of effort allocation in software engineering. See (Livani, 2011) for more details. 
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 Case study 3: Evaluating the vehicle routing method 6.5

In this case study, the vehicle routing optimization method, discussed in  Chapter 4, is evaluated 

in the WRS context. The data of the black cart services (residential waste collection) was used in 

this experiment. 

The routes are created for each beat, using a given beat design. The routes start from the landfill, 

go to the beat, travel all the roads inside the beat that have at least one collection point, and come 

back to the landfill. There are three landfills at the City of Calgary and the assignment of the 

beats to the landfills is given. 

The goal of this experiment is to measure the effectiveness of the vehicle routing algorithm in 

practice. Effectiveness is measured for each beat by Formula  6.11, where the length of the 

current routes are provided in the data from WRS. 

Effectivensss = 	 ×?@�;®	9$	9°;!È!É?«	¨9b;? − ×?@�;®	9$	�b¨¨?@;	¨9b;?×?@�;®	9$	�b¨¨?@;	¨9b;?  Formula Formula Formula Formula  6666....11111111    

The following assumptions were made in the routing algorithm: 

• Each street which has a collection point is visited twice, as the collection points are 

normally located at both sides of the streets. This is true even for one-way streets. 

• The first point visited in a beat is the closest point to the landfill. 

• We do not consider the intermediate trips to the landfill in the routing algorithm, due to 

lack of data. The ideal model would estimate the point where the truck would become full, 

and plan for the intermediate trip.  

• The optimization factor here is only the length of the routes.  

6.5.1 Data preparation 

The vehicle routing algorithm takes two main data files as the inputs: 

• City road network 

This file includes all the roads (roads includes streets, avenues, alleys, highways, and 

basically any road that can be travelled by the trucks) and intersections with the following 

information: 
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o Road: Road_ID, Length, One/Two Way 

o Intersection: Intersection_ID, GPS Coordinates (Latitude, Longitude) 

o Road-Intersection: Road_ID, Intersection_ID, One Way (if the road is one way 

towards this intersection) 

This data file is used to create the overall graph of the city, which is used for two 

purposes: 

o Routing from/to landfill 

o Routing between sub-beats (recall from  Chapter 4: each section (beat) may 

consist of several sub-sections (sub-beats)).  

o Creating the graph of the beats (see below) 

• Beat design 

This file includes the required information regarding the beats, including: 

o Roads inside the beats: Beat_ID, Road_ID 

o Landfills of the beats: Beat_ID, Landfill_ID 

This information is integrated with the city road network to create the graph of the beats.  

The data files for the black carts were provided by WRS and processed in this step, to prepare 

the final data files, as discussed above.  

In addition to the beat designs, another dataset was provided which contains the history records 

of the collections. In this dataset, the total travelled length of the routes is given for each beat. 

This dataset is used for measuring the efficiency of the routing algorithm in minimizing the 

routes. 

Both dataset are for the period of November 2011 to October 2012 (a whole year with the same 

beats). 

6.5.2  Results of applying the routing optimization to the beats 

The outputs of the vehicle routing algorithm are the detailed routes for the beats, in the following 

format: 

• Intersection_ID_1, Intersection_ID_2, Road_ID, Length 
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A sample route, only a small part, is shown in Table  6.15. This format is also supported by the 

route visualization tools such as ESRI ArcGIS (ESRI, 2013), Google Map (Google, 2013), GPS 

devices etc. (when integrated with the coordinates of the intersections). A sample visualized 

route is illustrated in Figure  6.11. The numbers on the intersections show the sequence of the 

route. 

Table Table Table Table  6666....15151515    A sample detailed routeA sample detailed routeA sample detailed routeA sample detailed route    

Sequence Intersection_ID_1 Intersection_ID_2 Road_ID Length (Meters) 

1 63478 67705 115551 205 

2 67705 67706 115555 10 

3 67706 67707 115561 46 

4 67707 67708 115564 10 

5 67708 65352 115558 63 

6 65352 65353 111546 137 

7 65353 65344 111545 104 
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Figure Figure Figure Figure  6666....11111111    A sample visualized routeA sample visualized routeA sample visualized routeA sample visualized route    

The routes are split into three parts: from landfill to beat, inside beat, and beat to landfill. In 

addition to the detailed routes, the lengths of the routes are provided for each part as well. A 

sample of the results is shown in Table  6.16.  
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Table Table Table Table  6666....16161616    Sample results for the length of the beats; the units are in KilometersSample results for the length of the beats; the units are in KilometersSample results for the length of the beats; the units are in KilometersSample results for the length of the beats; the units are in Kilometers    

Index Beat Name Landfill to Beat Inside Beat Beat to Landfill 

1 1G125 5.6 18.1 6.3 

2 1G127 5.8 21.5 6 

3 1G124 5.2 21.8 6.2 

4 1G121 5.3 21.3 5.8 

5 1G122 5.5 29.6 5.9 

 

6.5.3 Analysis and comparing with the history data 

There are some challenges when comparing the optimized routes to the actual data. As 

mentioned before, the beats normally need two trips by one truck per day in order to be serviced. 

However, this number varies during a year due to seasonal patterns. Over the summer, more 

wastes are generated, so the beats often need three trips (the third trip is taken by a spare truck).  

The history records contain the total length of the routes for the beats. So, the total length of the 

optimized routes with consideration of the multiple trips needs to be calculated. However, since 

the exact number of trips could not be calculated, it was estimated for different months. The 

history data shows that during the months of May to September, the waste amount peaks as well 

as the number of trips (average 2.5 trips per beat). So, we assumed that the number of the trips 

per beat is 2.5 during those months, and 2 for the rest of the year. Although this assumption over-

estimates the required number of trips per beat, it provides a bottom line for the efficiency of the 

routing algorithm.  

6.5.3.1  Measurements 

The total length of the routes is used as the base for defining the measurement factors. Since all 

the beats are serviced once a week, the sum of the travelled lengths during a week is used for 

comparisons. For the actual routes, the total lengths are available in the data, per beat and day. 

For the optimized routes, the total length for each beat is estimated using Formula  6.12. N is the 

number of trips per beat, which is considered 2.5 for the peak period and 2 for the non-peak 

period. The total lengths are then summed up for all the beats to achieve the total length of the 

travelled routes per week. 
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LØÙmg = LÚÛfD¸Ù + N ∗ �LÜÝeÞ	xmÛ¸ßDnn + L_e	xmÛ¸ßDnn� Formula Formula Formula Formula  6666....12121212    

The measurement factors are shown in Table  6.17.  

Table Table Table Table  6666....17171717    Measurements used for comparing the actual and optimized routesMeasurements used for comparing the actual and optimized routesMeasurements used for comparing the actual and optimized routesMeasurements used for comparing the actual and optimized routes    

Variable Definition 

LYear  Length of the routes, summed up for all the beats over the whole year 

LáÙmÝâÙmã
 

Length of the routes, summed up for all the beats, over the months of May to 
September 

LáÙmÝäeÛºåÙmã
 

Length of the routes, summed up for all the beats, over the months of January to 
April and October to December 

L^eÛgFâÙmã
 

Length of the routes per month, averaged for the peak period (May to 
September) 

L^eÛgFäeÛºåÙmã
 Length of the routes per month, averaged for the non-peak period 

LæÙÙãâÙmã
 Length of the routes per week, averaged for the peak period (May to September) 

LæÙÙãäeÛºåÙmã
 Length of the routes per week, averaged for the non-peak period 

 

The factors are measured differently for the actual and optimized routes. The following formulas 

are used for measuring the actual routes: 

• ×çè�  = ∑ ∑ ×=è��=è���çè�  	
• ×çè� �è�· = ∑ ∑ ×=è��=è���Öèé�èêëè ì�P��Qì�� 	
• ×çè� í�Pºéè�· = ×çè�  − ×çè� �è�· 	
• ×ì�P���è�· = ×çè� �è�·/5						;	There	are	5	months	in	the	peak	period	
• ×ì�P��í�Pºéè�· = ×çè� í�Pºéè�·/7						;	There	are	7	months	in	the	non-peak	period	
• ×ïèè·�è�· = ×çè� �è�·/24						;	There	are	24	weeks	in	the	peak	period	
• ×ïèè·í�Pºéè�· = ×çè� í�Pºéè�·/28					;	There	are	28	weeks	in	the	non-peak	period	

For the optimized routes, the factors are calculated bottom-up, using the following formulas: 

• ×=è���è�· = ×ðP�¡è + 2.5 ∗ �×ñ �ê	Ë�P¡ò�� + ×ó�	Ë�P¡ò���	
• ×=è��í�Pºéè�· = ×ðP�¡è + 2 ∗ �×ñ �ê	Ë�P¡ò�� + ×ó�	Ë�P¡ò���	
• ×ïèè·�è�· = ∑ ×=è���è�·=è��� 	
• ×ïèè·í�Pºéè�· = ∑ ×=è��í�Pºéè�·=è��� 	
• ×ì�P���è�· = ×ïèè·�è�· ∗ 4.33							;	4.33	is	a	coefficient	used	by	WRS	to	convert	a	collection	week	to	a	

collection	month		
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• ×ì�P��í�Pºéè�· = ×ïèè·í�Pºéè�· ∗ 4.33	
• ×çè� �è�· = ×ïèè·�è�· ∗ 24					;	There	are	24	weeks	in	the	peak	period	
• ×çè� í�Pºéè�· = ×ïèè·í�Pºéè�· ∗ 28					;	There	are	28	weeks	in	the	non-peak	period	
• ×çè�  = ×çè� �è�· + ×çè� í�Pºéè�· 	

6.5.3.2 Comparison 

The results of comparing the actual routes with the optimized routes, using the above formulas, 

are shown in Table  6.18.   

TablTablTablTable e e e  6666....18181818    Comparison of the actual routes vs. optimized for the period of November 2011 to October Comparison of the actual routes vs. optimized for the period of November 2011 to October Comparison of the actual routes vs. optimized for the period of November 2011 to October Comparison of the actual routes vs. optimized for the period of November 2011 to October 

2012201220122012    

Variable Actual (KM) Optimized (KM) Improvement 

LYear  1,346,195 1,032,287 23.3% 

LáÙmÝâÙmã
 598,919 511,890 14.5% 

LáÙmÝäeÛºåÙmã
 747,276 520,397 30.4% 

L^eÛgFâÙmã
 119,783 92,353 22.9% 

L^eÛgFäeÛºåÙmã
 106,753 80,476 24.6% 

LæÙÙãâÙmã
 27,257 21,329 21.7% 

LæÙÙãäeÛºåÙmã
 25,488 18,586 27.1% 

 

The following observations are made from the results of comparisons: 

• Overall, the optimization algorithm reduces the total length of the routes by 23.3% 

averaged over a year. This amount (313,908 KM) is equal to 4130 collections (the 

average collection length is 76 KM, with any number of trips). Considering that each 

trucks performs 208 collections over a year, 19 trucks can be saved (out of 120 trucks) 

with this reduced number of collections. 

• The improvements in the peak period are less than the non-peak period, for two reasons: 

o The number of the trips per beat is over-estimated when calculating the total 

length of the optimized routes.  

o Although the algorithm optimizes the whole route (from landfill to beat, inside 

beat, and from beat to landfill), the major efficiency comes from optimizing the 
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routes inside the beats. When the number of trips per beat is higher (in the peak 

period), the extra trips increase the length of the routes in the actual and 

optimized routes with the same extents. So, the length of the routes inside the 

beat will form a smaller portion of the total route, and less improvement is 

observed. 

6.5.4 Threats to validity 

There are some threats to the validity of the results of this case study from the internal and 

external perspectives. The following issues are concerned with the internal validity. The 

collection points are usually (95% of the streets) located at both sides of the street, even for one 

way streets. However, there are some streets in the City with the collection points being located 

in only once side. Since such data was not available, we assumed that there are two collection 

sides for all the streets. This increases the length of the routes because of the unnecessary visits 

to the streets. 

The next issue comes from the turn restrictions, left/right and U-turns. The former is, again, 

concerned with the data availability and the latter comes from the algorithm. These two issues 

reduce the feasibility of the optimized routes. Improving the data and the algorithm are potentials 

for future work. 

Another factor that influences the results is the intermediate trip to the landfill. We do not 

consider the intermediate trips to the landfill in the routing algorithm. This was not possible due 

to lack of proper model. The ideal model would estimate the point where the trucks would get 

full, and plan for the intermediate trip. This simplification reduces the accuracy of the total 

length calculated as the cost of the routes. 

In terms of external validity, the routing algorithm is reproducible and applicable for other 

problems as long as they fit to the problem statement mentioned in  Chapter 4. The goal of this 

experiment was not only to show the efficiency of the routing algorithm in minimizing the length, 

but also to propose a solution which would eventually fit to the bigger problem, being the 

strategic and operational planning of logistic services. 
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 Case study 4: Evaluating the Hybrid prediction method for predicting the 6.6

waste amounts and application in redesigning the beats 

6.6.1 Background 

The beats are re-designed every year at the waste and recycling services. The amount of waste is 

an important factor when designing the beats since it determines the required number of trips. 

There are other factors such as the distance from the beats to the landfills, density of the houses 

in the beats, road and traffic conditions. The improved estimations on the waste amounts are 

likely to improve the beat designs in terms of resource utilization, which leads to saving in time 

and fuel. A confirmative study (see Remenyi, 2012 for similar studies) is conducted in this 

section to measure the impact of the improved predictions on the overall resource utilization. 

The following research questions are addressed in this case study: 

• RQ 1: Evaluation of the prediction method for 63,000 data records related to the waste 

collection at WRS. 

• RQ 2: Retrospective analysis of the impact of re-design of city sections based on the 

waste prediction results and its application in re-designing the beats. 

6.6.2 Dataset, attribute selection and weighting 

The dataset contains records on residential waste with 101 attributes. The attributes represent two 

types of information for each record. First, information regarding the collections, including 21 

attributes, such as the waste volume, date, travelled distance of the collection trucks, number of 

trips etc. This information is updated on a daily basis. Second, information regarding the 

collection area (beat), including 80 attributes, which are mainly about the number of different 

types of housing, e.g. number of duplexes, number of apartments less than 4 units etc. This 

information is updated on a yearly basis. The dataset used in this study includes 63,000 records 

for the period of January 2006 to May 2009.  

A linear regression formula has been created, as in Formula  4.3, which determines the coefficient 

of the attributes. The Greedy attribute selection method (Berk, 2004), provided by Weka (Weka, 

2013), proposed 38 attributes as the most important, from the original 101. The weights of the 
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attributes vary from 0.25 to 38, most of them falling in the range of 1 to 5. See  Appendix H for a 

list of the selected attributes, their definitions, weights, and sample value. 

6.6.3 Creating the clusters and the final predictors 

The next step in the process is creating the clusters. The number of the clusters (k) is an input to 

the k-means clustering and normally is optimized by examining different numbers. We studied 

the impact of varying the number of clusters from 5 to 30 (with a step size of 5) on RMSE. In 

each configuration, the final predictors were created for each cluster using linear regression. The 

lowest RMSE (2092 KG) was achieved for the case of 25 clusters. 3-fold cross validation on the 

randomized dataset was used to measure the RMSE.   

6.6.4 Comparison and analysis 

Comparison of the results obtained from the application of the hybrid method versus the results 

from k-means clustering in terms of RMSE and the coefficient of variation (CV) of RMSE is 

shown in Figure  6.12 and Figure  6.13, respectively.  

 

Figure Figure Figure Figure  6666....12121212    Comparison of RMSEComparison of RMSEComparison of RMSEComparison of RMSE    

 

Figure Figure Figure Figure  6666....13131313    Comparison of coefficient of vComparison of coefficient of vComparison of coefficient of vComparison of coefficient of variation ariation ariation ariation 

(CV) of RMSE(CV) of RMSE(CV) of RMSE(CV) of RMSE    

It shows that in all cases using the hybrid method leads to a lower RMSE than weighted or 

unweighted k-means clustering. Also it has a lower CV of RMSE, with the lowest being 0.17 

when using 25 clusters (considering an average of 11647 KG for the target attribute, in the test 

set). Another observation is that the RMSE in weighted k-means is always lower than un-

weighted k-means. 
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The hybrid method has been compared with the linear regression, in isolation, as well. The 

accuracy of the linear regression method has been calculated using 10-fold cross validation by 

randomizing the dataset into 10 folds. So, 10 runs have been performed, and in each run, 9 folds 

were considered as training set and 1 fold as the test set. The results showed an average RMSE 

of 2372 KG among the 10 runs. This shows that the hybrid method outperforms the linear 

regression as well, since it has a lower RMSE. 

6.6.5 Application of waste prediction in re-designing of the beats 

Waste prediction can be applied to better designing the beats for waste collection. As the current 

results have not yet been applied, we performed a retrospective analysis (Remenyi, 2012), 

showing the potential benefit of this re-design based on the prediction results provided above.  

6.6.5.1 Measurement factors 

There are some variables involved in the beat design and waste collection process, as shown in 

Table  6.19. 

Table Table Table Table  6666....19191919    Variables used in the beat design and waste collection processVariables used in the beat design and waste collection processVariables used in the beat design and waste collection processVariables used in the beat design and waste collection process    

Variable Unit Definition 

Designated 
vehicles 

Count The vehicle that is assigned to a beat according to the original 
beat design 

Spare vehicle Count The vehicle that is reserved for the situations that the designated 
vehicle cannot finish the job in one day 

Unused 
capacity 

Tons The unused capacity of the designated vehicles, measured for the 
last trip of each vehicle in a day 

Extra load Tons The amount of waste that the spare vehicles collect in a day 

Extra trips Count The number of the trips taken by the spare vehicles in a day 

Extra KM Kilometers The length of the routes taken by the spare vehicles in a day 
 

6.6.5.2 Variation of waste and problem of unused capacity 

The waste amount varies over the year; peaking in summer and falling in winter. The collection 

manager handles the situations re-actively, by sending spare trucks to the beats when the drivers 

report that they cannot finish the collection in one day, which normally happens over summer. 

This leads to using extra fuel and vehicles since the spare trucks are not normally used in full 

capacity. Similarly, over the winter, some vehicles take only one trip to the beats (or two trips 

with under-used capacity) whenever the waste amount is too low.  
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The comparison of the unused capacities versus the extra loads, for the period of November 2010 

to October 2011, is shown in Figure  6.14. This period has been selected because the beat designs 

did not change during that time.  

 

Figure Figure Figure Figure  6666....14141414    Variation of unused capacities of the designated vehicles, comparing to the extra loads Variation of unused capacities of the designated vehicles, comparing to the extra loads Variation of unused capacities of the designated vehicles, comparing to the extra loads Variation of unused capacities of the designated vehicles, comparing to the extra loads 

collectecollectecollectecollected by the spare vehiclesd by the spare vehiclesd by the spare vehiclesd by the spare vehicles    

The prediction model can be used in the planning process to estimate the waste amount per beat, 

based on a future beat design. Then the beats with high fluctuations and chance of requiring extra 

trips over certain periods will be recognized and selected to be redesigned. Also, the beats with a 

low waste amount will be selected for being merged with the adjacent beats. This method is 

likely to improve the beat designs and save cost, by maximizing the utilization of the vehicles 

capacities. 

An alternative solution would be using smaller vehicles, when the waste amount is estimated to 

be too low. Smaller vehicles use less fuel and create less pollution. 

Both of the solutions with their potential impact, and the usage of prediction model for the 

selected time period, will be discussed in the following subsections. 
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6.6.5.3 Estimating the variation of waste using the hybrid prediction method 

Applying the hybrid prediction method to the beat designs of November 2010 – October 2011 

resulted in the estimations shown in Figure  6.15, with the comparison to the actual waste amount. 

The estimated waste was calculated through the following steps: 

1. The history data of January 2006 to May 2009 was used as the training set for building 

the prediction model. The clusters were generated (25 clusters), each having a linear 

regression formula.  

3. The data of November 2010 to October 2011 was used as the test set. All the attributes in 

the data set had their values, except ‘TotalKG’ which is the target attribute for the waste 

amount.  

4. The records in the test set were entered into the model one by one, and the closest cluster 

to each record was determined. 

5. The linear regression formula of the related cluster to each record was used to calculate 

the predicted waste amount. The waste amount is predicted for each [beat, day] pair in a 

given month. 

6. The waste amounts for the beats are summed up for each collection day (Tuesday to 

Friday), and then for each month. 

As can be seen, the prediction results would have shown the waste peaking over the summer. 

 
 

Figure Figure Figure Figure  6666....15151515    Comparison of the actual vs. estimated waste amounts for Nov 2010 Comparison of the actual vs. estimated waste amounts for Nov 2010 Comparison of the actual vs. estimated waste amounts for Nov 2010 Comparison of the actual vs. estimated waste amounts for Nov 2010 ––––    Oct 2Oct 2Oct 2Oct 2011011011011    
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6.6.5.4 Potential impact 1: re-designing the beats 

As can be seen in Figure  6.14, the unused capacity is always higher than the extra loads for every 

week in a month. So, potentially, modifying the beat designs every month would have led to 

more efficient usage of the designated vehicles, and prevented using the spare vehicles. However, 

changing the beat designs constantly is not practical due to operational overheads. So, a more 

careful analysis is needed to find a period that the saved cost is worth the overhead. The extra 

trips and extra KM, for the same period, are shown in Figure  6.16 and Figure  6.17, respectively. 

As can be seen, the extra trips peak during the period of May to September. This is the period 

that the unused capacity and extra loads peak as well. 

 

Figure Figure Figure Figure  6666....16161616    Extra trExtra trExtra trExtra trips taken by the spare trucksips taken by the spare trucksips taken by the spare trucksips taken by the spare trucks    

 

Figure Figure Figure Figure  6666....17171717    Length of the routes taken by the Length of the routes taken by the Length of the routes taken by the Length of the routes taken by the 

spare trucksspare trucksspare trucksspare trucks    

Analyzing Figure  6.16 shows that re-designing the beats for the period of May to September 

could have potentially saved the total of 1525 extra trips, taken by the spare trucks. The total 

saving in the traveling distance is not exactly as the total length of the extra trips though. The 

reason is that either the designated or spare truck has to travel inside the beats to collect the extra 

waste. The actual saving comes from the trips from the landfill to the beat and the return trip. 

Although the exact amount could not be calculated as the exact routes were not available, it was 

estimated using a variable named ‘haul distance’. It is defined as the distance of the landfill to 

the centroid of a beat. The data showed that an average haul distance of 23.6 km over all beats. 

So, each vehicle travels 47.2 km in average to go from the landfill to the beat and come back, in 

each trip (which itself is 74.2 km in average). As a result, the total saving from the extra trips by 
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the spare vehicles is estimated to be 1525*47.2 = 71,980 kilometers, for the period of May-

September. This number converts to the following equivalent metrics: 

• 71980 KM in the period of May to September 

• 6.5% less KM in the period of May to September (total = 1,113,624 km) 

• 3.4% less KM in the whole year (total = 2,132,199 km) 

• Considering 88 collection days in the period of May to September, and 74.2 km length of 

an average trip during this period, 71980/88/74.2/2 = 5 less vehicle used per day, which 

form 4% of the total vehicles currently in use. 

6.6.5.5 Potential impact 2: using smaller vehicles for the beats with less waste 

As shown in Figure  6.14, the capacities of the designated vehicles are not used in full, due to the 

variation of waste over the beats and months of year. The unused capacities have been calculated 

for the last trip of the designated vehicles to the beats. A solution to reduce the unused capacities, 

which is currently being considered by the WRS managers, is using smaller vehicles. However, 

since the waste amount varies, it is not possible to assign a small vehicle to a beat for the whole 

year. Therefore, estimating the waste amount for the beats over the year would help determine 

the beats and period that using smaller vehicles would be more economic. 

A retrospective analysis has been performed on the same dataset used in this section (historical 

waste records of November 2010 to October 2011) to answer the following questions: 

• What is the accuracy of the prediction model in estimating the beats with waste amounts 

lower than 7000 KG? (7000 KG is the threshold for the waste amount in order to decide 

to use a smaller truck for the second trip to the beat). 

• What would have been the potential impact of using the prediction model on WRS cost 

factors according to the historical data? 

To answer the above questions, the predicted waste for each beat-day-month (e.g. beat 1111BN, 

Tuesday, March) was compared to the historical data, and the records with less than 7000 KG 

(either actual or predicted amount) were selected for multiple comparisons analysis. We call the 

records with the waste lower than 7000 KG “low-waste” and higher than 7000 KG “high-waste”. 
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The comparison of predicted vs. actual low and high waste beats is shown in Table  6.20. The 

number of records in each category of True/False and Positive/Negative estimations is shown. 

Overall, there are 16771 records in the test set. 

Table Table Table Table  6666....20202020    Multiple comparisons of predicted vs. actual low and high waste beats; the number of records Multiple comparisons of predicted vs. actual low and high waste beats; the number of records Multiple comparisons of predicted vs. actual low and high waste beats; the number of records Multiple comparisons of predicted vs. actual low and high waste beats; the number of records 

in each category are shown.in each category are shown.in each category are shown.in each category are shown.    

 Actual low-waste Actual high-waste 

Predicted low-waste 524 (True Positive) 365 (False Positive) 

Predicted high-waste 2606 (False Negative) 13276 (True Negative) 

 

The following observations are made from the results in Table  6.20: 

• A majority of the records (13276) fall in the category of true negative, which means that 

the waste amounts for those records are predicted truly to be higher than 7000 KG. Those 

records (beat-day-month) need regular vehicles for both collection trips. 

• 2606 records are in the category of false negative, which means that the waste amounts 

are predicted to be high, while the actual amount are low. Therefore, for those records, 

the chance of using smaller vehicle is not detected. 

• For 524 records, which are in the category of true positive, the option of using a smaller 

vehicle is correctly estimated.  

• 365 records are incorrectly estimated to have low waste (false positive). This error would 

have potentially led to an overhead work in the second collection trip for those beats. 

This experiment shows that using the prediction model for the selected period would have 

potentially led to the following savings: 

• 524 trips with a smaller vehicles 

• Considering a 74.2 KM average trip, 524*74.2=38880 KM  taken by a more fuel efficient 

vehicle 
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6.6.6 Threats to validity 

There are some factors that question the validity of the results stated in this study, from the 

following views: internal, construct, conclusion, and external.  

The quality of the data and reliability of the utilized methods are examples of internal threats. 

There are always noises and incomplete data, which need to be removed before performing the 

computations. Also, when the data is integrated with other factors such as environment, or 

demographic, the time period of those factors need to be aligned. For example, in our dataset, the 

designs of the beats change every few months. So, when integrating that information with the 

waste records, the time period of each beat design must match with the timestamp on the waste 

records. In terms of the utilized methods, k-means clustering and linear regression, their 

underlying implementation impacts the prediction accuracies. We used Weka, which is a well-

known tool in this context, to generate reliable results.  

The construct validity of the prediction model concerns with the measurements used for 

comparing and evaluating different techniques. RMSE has been used in the literature for this 

purpose and was used in this experiment as well and seem to be enough for the evaluation 

purposes. The RMSE of the hybrid method is comparable to the related work in the area of waste 

management.  

There is a threat to the validity of the stated conclusions. Several experiments have been 

performed to measure the correlation of the prediction accuracy with the number of clusters. 

Other conclusions were made by comparing weighted and un-weighted attributes, and also using 

isolated techniques. In all cases, the number of experiments is rather low (6-10), though the 

observations were always consistent among them. Further experiments with more data points 

(e.g. varying the k in k-means to 100) would provide more reliable conclusions. 

Finally, the external validity of the prediction model is influenced by its reproducibility and 

applicability to other domains. The proposed prediction model and its steps are replicable as 

stated in Chapter 4. The methodology does not depend on the underlying dataset or domain. So, 

though has not done yet, we believe that the methodology is transferable across various domains. 

There is a factor that can limit the application of the prediction method. We assumed that the 
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designs of the beats (sections) are given to the problem. When there is no such information, the 

model can only predict the total amount of waste for the whole city. 

 Case study 5: Evaluation of the integration of SOPLS components with 6.7

expert judgment 

The purpose of this case study is to evaluate the overall decision support methodology proposed 

in this thesis, SOPLS, with the expert judgement. A prototype application, named DSS-WRS 

(Ruhe, 2013), was implemented in which a graphical user interface (GUI) provides the following 

use cases: 

• Analyzing the user scenarios and sensitivity analysis (regarding the BBN model) 

• Running the vehicle routing algorithm for a given beat design and analyzing the results 

• Integrating the results of the routing with the BBN model 

The experts were asked to run a pre-designed scenario using the prototype and evaluate the 

performance of the system against some evaluation criteria. The details on the experiment and its 

results are discussed in this section. 

6.7.1 Experiment setup 

6.7.1.1 Participants 

Nineteen staff, with different roles, were interviewed at the City of Calgary’s Waste and 

Recycling Services (WRS). The roles, with their descriptions, and number of participants are 

described in Table  6.21.  
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Table Table Table Table  6666....21212121    The roles of the interviewed staffThe roles of the interviewed staffThe roles of the interviewed staffThe roles of the interviewed staff    

Role Description 
Number of participants 

with the role 

Manager 
Manages all the collection 
services 

1 

Strategic planner 
Makes strategic decisions on 
different services 

4 

Beat designer 
Designs the beats for different 
services 

1 

Superintendent 
Supervises the corresponding 
district to a landfill 

3 

Foreman 

Handles the operational issues 
with the collections (drivers, 
vehicles) on a daily basis; 
designs routes 

10 

 

The manager, strategic planners, beat designers, and superintendents participate in the strategic 

decision making, while the foremen are mainly involved with the operational level decisions. So, 

we divide the participant into two groups: strategic and operational according to their roles.  

6.7.1.2 Data 

The data of the residential waste (black carts) was used in this experiment, which included two 

parts:  

• BBN model, version 2  

This model is the Cost-QoS model for the collection services, developed in Case Study 1, 

and used in Case Study 2. 

• Beat designs  

This file contains the geographical designs of the beats, provided by WRS, also used in 

Case Study 4. 

6.7.1.3 Tasks 

Two types of tasks were considered in this experiment: strategic and operational. The strategic 

tasks are related to the analyses around the BBN model and include the following sub-tasks: 

• Sub-task 1: Analyzing the baseline scenario and performing sensitivity analysis  
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• Sub-task 2: Analyzing a pre-defined scenario in which the ‘Staff Engagement’ and 

‘Admin Duties’ are increased 

• Sub-task 3: Suggesting a new scenario to increase QoS (Quality of Service) 

The operational tasks are related to the vehicle routing optimization and its integration with the 

strategic analysis, and include the following sub-tasks: 

•  Sub-task 1: Computing the collection routes for a given beat design and viewing the 

visualized routes 

• Sub-task 2: Analyzing the collection routes with both operational and strategic 

perspectives 

• Sub-task 3: Modifying the beat design by assigning the beats to a different landfill, and 

re-running the routing optimization 

An experiment guide was provided to each participant, including the step-by-step explanation of 

the tasks. See  Appendix I for snapshots of the DSS WRS tool, regarding the above tasks (use 

cases), and  Appendix J for the experiment guide. 

6.7.1.4 Evaluation criteria 

Seven evaluation criteria have been considered, as follows: 

• Relevance: how does the task/feature relate to the job and the decisions that participant 

usually deals with?  

• Usefulness: does the feature facilitate the decision making process by providing more 

information and computation capabilities? 

• Efficiency: is the time spent by the user and the software for the computations less than or 

equal to the time it would take without using the software?  

• Simplicity: is the feature understandable and simple to use? 

• Accuracy: how accurate are the outputs provided by the software? How are they close to 

the expectations of the user? 

• Conformance: how are the types of outputs and analyses conformed to the expectations of 

the user? 
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• Trustworthiness: how would the user trust the outputs provided by the software for future 

usages? 

The participants were asked to assign a score between 1 and 5 (1 being the lowest score and 5 the 

highest) to each sub-task, considering each criterion. They were also asked to provide any 

comment they may have for each part. 

Note. Although the range of the scores is discrete [1, 2, 3, 4, 5], the difference among them is 

assumed to be homogeneous. So, the difference between 1 and 3 (which is 2) is considered 

equal to the difference between 3 and 5 (which is 2 as well). Therefore, it is possible to 

consider the scores as the numbers, and perform statistical analyses on them. 

6.7.2 Evaluation results 

An example of the filled evaluation form is shown in Table  6.22. We consider the sum of the 

scores of the sub-tasks as the score for each task, according to each criterion. So, the score for 

each task and criterion would be in the range of [3, 15] per participant. In the example of 

Table  6.22, the score of Relevance is 12 for the strategic and 12 for the operational task. The 

further analyses on the evaluation results will be based on this summation. 

Table Table Table Table  6666....22222222    An example of the filled evaluation formAn example of the filled evaluation formAn example of the filled evaluation formAn example of the filled evaluation form    

Criterion 
Task 1 (Strategic) Task 2 (Operational) 

Sub-task 1 Sub-task 2 Sub-task 3 Sub-task 1 Sub-task 2 Sub-task 3 

Relevance 4 4 4 4 4 4 

Usefulness 5 5 5 5 5 5 

Efficiency 3 4 4 3 3 3 

Simplicity 2 4 3 3 2 3 

Accuracy 4 4 4 4 3 3 

Conformance 4 4 4 4 3 3 

Trustworthiness 4 4 4 4 3 3 

 

In addition to the clustering of the results based on the task type, the participants are clustered as 

well, based on their group: strategic and operational. So, four clusters of scores are created for 

each criterion, in the form of [Group-Task], as follows: 

• Strategic-Strategic: shows how the strategic group perceived the strategic tasks. 

• Strategic-Operational: shows how the strategic group perceived the operational tasks. 
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• Operational-Strategic: shows how the operational group perceived the strategic tasks. 

• Operational-Operational: shows how the operational group perceived the operational 

tasks. 

6.7.2.1 Acceptance test 

The first analysis on the results is the acceptance test to measure what portion of the participants 

in each group scored more than a threshold to each task, per criterion. We considered the score 

of 9 to be the acceptance threshold. The results are shown in Table  6.23. As can be seen, in most 

cases the percentage of the participants who scored 9 or more is above 70%, except the following 

cases: 

• The accuracy and conformance of the strategic tasks for the strategic group (67%) 

• The simplicity of the strategic tasks for the operational group (60%) 

Table Table Table Table  6666....23232323    Acceptance of the proposed solution; the numbers show the percentage of the participants in Acceptance of the proposed solution; the numbers show the percentage of the participants in Acceptance of the proposed solution; the numbers show the percentage of the participants in Acceptance of the proposed solution; the numbers show the percentage of the participants in 

each group wheach group wheach group wheach group who scored 9 or higher to the according task, per criterion.o scored 9 or higher to the according task, per criterion.o scored 9 or higher to the according task, per criterion.o scored 9 or higher to the according task, per criterion.    

Criterion 
Strategic-

Strategic 

Strategic-

Operational 

Operational-

Strategic 

Operational-

Operational 

Relevance 89% 89% 100% 100% 

Usefulness 89% 100% 90% 90% 

Efficiency 89% 89% 80% 100% 

Simplicity 78% 100% 60% 70% 

Accuracy 67% 89% 80% 70% 

Conformance 67% 100% 90% 90% 

Trustworthiness 89% 89% 70% 80% 

 

6.7.2.2 Normality test 

The normality of the data is examined by visualizing the distribution of the data points. We 

consider three categories for the data points, as follows:  

• Low: [3 , Average-StdDev] 

• Medium [Average-StdDev , Average+StdDev] 

• High [Average+StdDev , 15].  
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The frequency of the scores for these categories is calculated per criterion and data cluster. The 

frequency of the scores for Relevance and Usefulness are illustrated in Figure  6.18 and 

Figure  6.19. As can be seen, the majority of the scores fall in the medium range, which is around 

the average. This is true for the rest of the criteria as well. So, the distribution of the scores is 

close to a normal distribution. The Shapiro-Wilk test on the data proved the normality of the 

distributions as well.  

 

Figure Figure Figure Figure  6666....18181818    Frequency of the scores for Frequency of the scores for Frequency of the scores for Frequency of the scores for 

RelevanceRelevanceRelevanceRelevance    

 

Figure Figure Figure Figure  6666....19191919    Frequency of the scores for Frequency of the scores for Frequency of the scores for Frequency of the scores for 

UsefulnessUsefulnessUsefulnessUsefulness    

6.7.2.3 Statistical difference analysis using T-test 

The goal of this analysis is to evaluate the overall perception of the participants with different 

focuses (strategic and operational) on the different components of the system (strategic and 

operational). Ideally, there should not be any significant difference among the participants, 

because the proposed solution is supposed to provide the features so that any of the WRS staff 

can work with them.  

Since the data clusters are normal, the standard statistical tests, such as t-test can be performed to 

examine the hypotheses on the data. We examine four different statistical differences, as follows: 

• Strategic Task: Statistical difference of the two participant groups (strategic and 

operational) for the strategic tasks 
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• Operational Task: Statistical difference of the two participant groups (strategic and 

operational) for the operational tasks 

• Strategic Group: Statistical difference of the two task types (strategic and operational) for 

the participant in the strategic group   

• Operational Group: Statistical difference of the two task types (strategic and operational) 

for the participant in the operational group   

There are two data clusters in each test, whose statistical difference is to be measured. The tests 

with their related hypotheses are shown in Table  6.24. For each test, a null hypothesis (HI ) is 

defined (i = 1…4), which assumes that the two data clusters according to the test are not 

statistically different. Also, an alternative hypothesis (H� ) is defined, which contradicts the null 

hypothesis. The alpha parameter in t-test is considered 0.05 in all cases. 

Table Table Table Table  6666....24242424    Test subjects with their related hypothesesTest subjects with their related hypothesesTest subjects with their related hypothesesTest subjects with their related hypotheses    

Test  Hypothesis 

Strategic Task • õzö	�null	hypothesis�:	the	strategic	and	operational	groups	have	similar	perceptions	on	the	strategic	tasks.	
• ÷øö	�alternative	hypothesis�:	the	strategic	and	operational	groups	have	different	perceptions	on	the	strategic	tasks.	

Operational Task • õz�	�null	hypothesis�:	the	strategic	and	operational	groups	have	similar	perceptions	on	the	operational	tasks.	
• ÷ø�	�alternative	hypothesis�:	the	strategic	and	operational	groups	have	different	perceptions	on	the	operational	tasks.	

Strategic Group • õz�	�null	hypothesis�:	the	participants	in	the	strategic	group	have	similar	perceptions	on	the	strategic	and	operational	tasks.	
• ÷ø�	�alternative	hypothesis�:	the	participants	in	the	strategic	group	have	different	perceptions	on	the	strategic	and	operational	tasks.	

Operational Group • õz}	�null	hypothesis�:	the	participants	in	the	operational	group	have	similar	perceptions	on	the	strategic	and	operational	tasks.	
• ÷ø}	�alternative	hypothesis�:	the	participants	in	the	operational	group	have	different	perceptions	on	the	strategic	and	operational	tasks.	

 

The results of performing the t-tests for the evaluation criteria are shown in Table  6.25. As can 

be seen, in all cases the p-value is greater than alpha (0.05). So, the null hypothesis cannot be 

rejected, and the data clusters in each set are not statistically different, and come from the same 
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population. This proves that the different groups of participants had similar perceptions on the 

proposed solution for different task types.  

Table Table Table Table  6666....25252525    Results of TResults of TResults of TResults of T----test; the numbers test; the numbers test; the numbers test; the numbers are the pare the pare the pare the p----value’svalue’svalue’svalue’s    

Criterion Strategic Task Operational Task Strategic Group Operational Group 

Relevance 0.871 0.964 0.878 1.000 

Usefulness 0.972 0.751 0.564 0.797 

Efficiency 0.100 0.092 1.000 0.881 

Simplicity 0.781 0.052 0.193 0.453 

Accuracy 0.950 0.563 0.932 0.426 

Conformance 0.732 0.227 0.364 0.637 

Trustworthiness 0.512 0.088 0.488 0.783 

 

6.7.3 Threats to validity 

The validity of the results is analyzed from the internal and external perspectives. The internal 

validity concerns with the underlying methodology (SOPLS) which is evaluated in this case 

study, as well as the scores assigned by the participants to the tasks. The former threats were 

discussed in the previous case studies (1 to 4) and are applied to this case study as well. The 

latter relates to the scores being biased. To reduce the impact of this threat, the participants were 

informed that the evaluation results are anonymous and the only attribute which was included in 

the results from the participants was the group (strategic or operational). Therefore, the risk of 

the biased evaluations was reduced.  

The external validity relates to the reproducibility of the experiment and generalizability to other 

application. This experiment was aimed to qualitatively evaluate the proposed methodology, 

SOPLS, in terms of assisting the decision maker in strategic and operational planning of waste 

and recycling services. The experiment is reproducible and applicable to other waste and 

recycling domains, as long as the underlying cost-benefit model and collection process is aligned 

with the model used in this experiment.  

6.7.4 Follow-up actions 

The evaluation results showed that the following improvements need to be done: 
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• Increasing the accuracy of the BBN model and incorporating new changes to the Cost and 

QoS model 

• Adding the goal-seek analysis for the BBN scenarios to the DSS WRS prototype 

• Simplifying the analyses in the strategic level so that the operational staff can work easier 

with the system 

Therefore, the following actions have been taken to incorporate the evaluation results into the 

decision support system: 

• The BBN model was revised through additional meetings with the WRS managers. See  0 

for the revised model, named BBN model version 3. This model is complete now. 

Although the model has been modified partly, the proposed methodology does not change. 

So, we did not include the analyses with the newest model in this chapter as it would 

have been similar in nature. 

• The DSS WRS prototype has been improved by adding the goal-seek analysis for the 

BBN scenarios and enhanced by simplifying the user interface. This is an ongoing project 

and the DSS WRS prototype is improved continuously.  
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Chapter 7 CONCLUSIONS AND FUTURE WORKS 

 Introduction 7.1

The increasing market competition and service focus of the customers forces logistics service 

providers companies to re-evaluate and to constantly improve their services (Sebastian, 2012). 

For keeping the distinctive competition advantage in a changing market environment, the 

logistics service providers must integrate the logistics activities with the service strategies (Bai, 

2008).  

Logistics strategy planning is a complex process that requires an understanding of how the 

different elements and activities of logistics interact in terms of trade-offs and the total cost to the 

organization. A good logistics strategy is important for logistics service providers to facilitate a 

company to succeed while minimizing the resource consumption and maintaining high customer 

satisfaction level (Chow, 2005). 

Decision support for strategic management, an extension to the traditional decision support 

systems, has been seen as an important area of research where the theory, methods and 

technologies can bring in a great deal of benefit to the whole enterprise at the executive level. 

Research in management science and information technology for strategic management has paid 

considerable attention to improving the quality of strategic decision-making by enhancing 

provision of information and means for computer aided tools for decision support (Sun, 2001). 

A decision maker at a logistic company often faces a situation where a trade-off decision, 

between cost and level of the services, needs to be made. The decisions are planned and executed 

through certain strategies which are defined based on the parameters of the decision problem. 

Scenario planning is a widely-used technique in the literature of strategic planning and strategic 

decision making. Scenarios provide an analysis of the future based on a series of event and 

decisions. Current scenario planning and analysis systems often do not support modeling and 

evaluating multiple scenarios. Also, they focus mostly on developing corporate strategies rather 

than supporting tactical or operational level decision making.  
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In the next sections, a summary of the proposed solution, its benefits and limitations, and the 

future research will be discussed. 

 Thesis summary 7.2

In this thesis, a novel decision support methodology, named SOPLS, is proposed for strategic 

and operational planning of logistic services. SOPLS consists of two layers: strategic and 

operational. The goal of the strategic layer is to evaluate the strategies, which are defined by the 

decision maker for certain services. A methodology, named SPGBA, is proposed for strategic 

planning of logistic services. SPGBA, itself, contains three methods: model-based scenario 

analysis, search-based scenario generation, and multi-criteria scenario prioritization.  

Search-based scenario generation is a novel methodology, which combines Bayesian belief 

networks with Genetic Algorithms, to intelligently create scenarios from the strategies. The 

scenarios, either defined by the decision maker or created by the system, will be evaluated in the 

model-based scenario analysis. The analysis is performed using a cost-benefit model, which is a 

Bayesian belief network. This model is created from the domain knowledge and provides the 

cost and benefit of the service scenarios. The outputs of the scenario evaluation are a set of 

Pareto optimal solutions which are in a trade-off relationship according to cost and benefit. 

These Pareto solutions will be prioritized based on the user preferences (for cost and benefit) in 

multi-criteria scenario prioritization. Bayesian belief network is integrated with Analytical 

Hierarchy Process for this purpose. 

The proposed methodology, SPGBA, has been illustrated by a hypothetical postal service 

example. The purpose was to analytically justify the methodology and its applicability to a 

logistic service problem.  

The strategies, with their related scenarios, are evaluated at the operational layer, with two 

aspects: resource consumption and demand on the services. The evaluation is performed using a 

given design of the service areas in which the geographical and demographical information of 

the service areas are provided. The resource consumption of the strategies is estimated using a 

vehicle routing optimization technique which minimizes the routes for providing the logistic 

service to each service area. The demands on the services are estimated using a hybrid prediction 

method, which combines k-means clustering with linear regression. 
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The results of the operational layer will be fed back to the strategic layer and potentially update 

the analyses on the strategies and even adjusting the cost-benefit model. This will form an 

iterative process in which the strategies are evolved, even, in the course of an ongoing 

implementation of the logistic services. 

The proposed decision support methodology has been empirically evaluated through a 

collaboration project with the City of Calgary’s Waste and Recycling Services (WRS). WRS 

provides the waste collection services such as black cart (garbage), blue cart (recycling), and 

green cart (organic and waste yard) to 300,000 residential and commercial customers. The goal 

of strategic planning at WRS is to minimize the operational cost of the services while keeping 

the quality of the services at an acceptable level. 

Several case studies were defined to evaluate the different methodologies inside SOPLS. A BBN 

model was created, evaluated, and evolved throughout the project. The components at the 

strategic layer were evaluated using the BBN model and provided insights into the strategies for 

the services at WRS. The demand prediction method was applied to the problem of residential 

waste prediction. The results of retrospective analysis on the history data showed that using more 

accurate predictions can reduce the operational cost of the services. The collection routes were 

optimized using the resource optimization component, and showed another potential point for 

reducing the operational cost.  

A prototype application was implemented and empirically evaluated by interviewing the WRS 

staff. The results showed the usefulness and applicability of the proposed decision support 

methodology for planning of waste and recycling services. 

The results from the hypothetical example and the WRS case study were aligned and showed 

that the SPGBA method can be applied to different logistic services. 

 Benefits and limitations 7.3

The decision support methodology, proposed in this thesis, helps the logistic service provider 

companies with different aspects, such as the following: 

• In strategic planning of the services by providing: 

o Potential, risk, and sensitivity analysis of the decisions; 
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o Cost-benefit trade-off of the different alternative scenarios for implementing the 

strategies; and 

o Planning the strategies using the goal-seek analysis 

• In operational planning of the services by: 

o Estimating the demand on the services for different service areas 

o Optimizing the routes taken by the vehicles to provide the services 

Logistic services such as waste collection, postal delivery, street cleaning and snow removals are 

candidates for applying the methodology. Most parts of the constraints imposed to the model 

come from the operational level. If we consider only the strategic layer, the application of the 

methodology goes beyond the logistic services and falls in a more general category of cost-

benefit analysis.   

There are some factors that limit the application of the proposed solution though, in order to be 

fully applied to a logistic domain. The followings need to be available for this purpose: 

• The BBN model needs to be created and is supposed to provide accurate estimations on 

the cost and benefit of the service scenarios. 

• The history data on the demands on the services needs to be available (in our case study, 

the history records on waste) in the level of service areas. When there is no such data, the 

prediction method can only estimate the overall demand for the whole city. 

• There are some constraints in the vehicle routing optimization module. The turn 

restrictions are not considered in the route optimization. Also, it supports the routing 

model in which the service is provided to the streets, and not exact addresses. So, services 

such as express delivery in which the service locations may be far from each other, are 

not suitable for this purpose. 

 Future work 7.4

While the proposed decision support methodology, SOPLS, has been evaluated and implemented 

in practice, more research can be conducted on extending the methodology as well as its 

application. 
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7.4.1 Extending the methodology 

In terms of the methodology, a few extensions can be made according to the components of 

SOPLS, as follows:  

• Assisting the decision maker in creating the probability tables used for creating the 

Bayesian belief network 

Filling the probability tables is one of the important, and time consuming, parts in 

creating a BBN model. There are 756 entries in the probability tables of the BBN model 

in the WRS case study. When re-designing the model, the updated tables need to be re-

filled too. This problem makes the maintenance of the BBN model a difficult task. 

A methodology can be developed in which some coarse-grained information is entered by 

the decision maker and the system would automatically fill the probability tables. The 

information can be in the form of degree of the impact of each influencing variable on the 

influenced variable. The decision maker could then adjust the values. 

• Rule induction from the scenarios in sensitivity, potential/risk, and backward analysis 

The outputs of the above analyses at the strategic layer are a set of scenarios with their 

estimated cost and benefit. In certain cases, multiple scenarios lead to the same outputs. 

The commonalities and difference among these scenarios can be extracted using existing 

rule induction methods, such as Decision Tree, to form a set of rules. For example, when 

two variables are varying together among the “good” scenarios (potentials), it shows that 

their values should be kept similar when designing the strategies.  

• Extending the prediction method and integrating with the vehicle routing algorithm for 

designing the routes with consideration of the intermediate trips to depot 

We considered the possibility of taking intermediate trips to the depot by the vehicles 

during the day, in the modeling of problem. However, it was not considered in the vehicle 

routing algorithm because of lack of the required data. The prediction method is used for 

estimating the demand on the services per service area. When the data attributes are 

available at the street level, a distribution of the demand inside a service area can be 

achieved. Then, the vehicle routing algorithm would be modified by considering the 
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demand of the services for the visited streets. When the vehicles’ capacities are estimated 

to be full, an intermediate trip is designed to be taken to the depot. This integration would 

eventually increase the accuracy of the estimations on the operational cost of the 

strategies.  

• Improving the vehicle routing algorithm by incorporating more constraints on the routes 

The vehicle routing module can be extended to consider the constraints such as turn 

restrictions (left/right/U-turns), speed limits, barriers etc. in the optimization algorithm. 

These improvements need the data regarding the constraints to be available as well. 

Considering these parameters in the optimization algorithm would increase the 

trustworthy of the optimized routes and their chance to be fully implemented in practice.  

7.4.2 Extending the application 

Extending the application of SOPLS is possible in two directions: waste and recycling services, 

and other types of logistic services.  

In the context of waste and recycling services, future research can be performed on applying the 

different parts of the methodology to other types of waste such as recyclables and organics. 

These new services have been introduced in the past few years, and caused the solid waste to 

drop significantly. The BBN model can be extended to consider all types of services in the cost-

benefit trade-off analysis. In the waste prediction method, integrating the recycling patterns in 

the waste prediction attributes would create more reliable results. Also, predicting the amounts 

for recyclable and organic materials would provide estimations on their potential income. 

Applying the vehicle routing optimization to other collection services would potentially reduce 

the operational cost of them as well. 

The methodology can be applied for managing waste and recycling service in other 

municipalities as well, as long as the BBN model is adjusted properly.  

Applying the proposed solution to other real-world problems, such as postal delivery, would 

provide a better evaluation of it. 
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Appendices 

Appendix A. Required codes for extending Weka 

A.1. Code for weighted Euclidian distance 

public class WeightedEuclidianDistance extends 

EuclideanDistance { 

@Override 

protected double difference(int index, double val1, 

double val2) { 

        return Math.sqrt(attributeWeights[index]) *       

super.difference(index,    val1, val2); 

} 

 

} 

 

A.2. Code for the customized output in cluster evaluation 

public class ClusterEvaluation implements 

Serializable, RevisionHandler { 

 

public void evaluateClusterer(Instances test, String 

testFileName) throws Exception { 

 

… 

BufferedWriter bufferedWriter = new 

BufferedWriter(new FileWriter("out.csv")); 

… 

bufferedWriter.write(inst + "," + cnum + "\n"); 

… 

} 

} 
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A.3. Code for the customized output in classification 

public class ClassifierPanel extends JPanel 

implements CapabilitiesFilterChangeListener, 

ExplorerPanel, LogHandler {  

 

protected void reevaluateModel(final String name,                                  

final Classifier classifier, final Instances 

trainHeader) { 

… 

double pred = 

eval.evaluateModelOnceAndRecordPrediction(classifier, 

instance); 

System.out.println("####predicted value: " + pred); 

… 

} 

} 

 

Appendix B. VBC experiment results 

B.1. Variables and their definition 

ID Name Description Group 

1 Method of 
Collection/configuration of 

trucks and number of people 

Method of collection is a factor only as to amount of time to 
collect. Time / Labour is the cost factor. Types of methods: 

Automated collection, semi-automated (rear cart tipper) or hand 
collection. Automated and 2 person hand collection service the 

same amount of houses in the same time one person hand 
collection and semi-automated service 40% less  So, more 

locations can be serviced per day with automated collection. 
Therefore, cost per location will be decreased. 

Vehicle 

2 Complaints completed on-
time 

This factor has a direct impact on customer satisfaction and 
therefore Quality of Service 

QoS 

3 Collection days per week Collection Days per week - reducing the number of total vehicles 
in the fleet if you increase the collection days per week                               

Logistics 

4 Clarity and support to meet 
Performance Expectations 

Clarity and support to meet performance expectations will 
decrease the cost per location - clarity to council, senior 

management and staff about performance expectations   support to 
staff in training and development to meet service levels 

Human 

5 Growth in population Incremental increases in population will increase the cost per 
house until a full truck threshold is achieved since a new truck 

will have to be added and population + 1 

Logistics 

6 Productive Hours of work  Maximizing the productive time spent during the hours of work 
will lead to a reduction in the cost per house (assuming productive 

to mean servicing households) 

Human 

7 Staff (drivers, labourers, 
foremen and 

superintendents ) 

More drivers, labourers, foremen and superintendents required to 
service the number of houses increases the cost per house 

Human 
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ID Name Description Group 

8 Kilometres travelled outside 
the collection area boundaries 

the location of the home base and the location of the disposal of 
the waste impact the distance travelled by the collection vehicle 
the cost per house increases due to additional fuel costs and the 

additional non-productive time 

Routing 

9 Level of service Level of service suggests a commitment to households serviced 
and collection frequency     collection frequency of 1 per week, 

with 100 maximum misses and 100% correction within the week        
Need to check consistencies of this definition with corporate of 

level of service and TCA definition  

QoS 

10 Number of Collection Points 
per location 

Decreasing collection time per location (i.e. centralized collection 
location for a 4-plex) and therefore decreases the cost per location    

More "paying" customers per stop 

Logistics 

11 Number of vehicles 
(including spares) 

The more vehicles required to service the entire City the greater 
the costs of collection per site.  This includes all support vehicles 

as well.  The various types and sizes will impact the cost. 

Vehicle 

12 Salary, wages As the number of staff that are paid by W&RS increases so to 
does the cost per house this number includes benefits and fringe 

Human 

13 Truck capacities  Increased truck capacity decreases the number of required trucks 
and could save fuel and staff cost    This discussion in black cart 

must focus on weight while the focus in blue cart discussions 
must be on volume. 

Vehicle 

14 Turnover of the staff Decreases the overall effectiveness of the staff and increases the 
cost 

Human 

15 Format of the Built 
Environment 

Urban planning's effects on collection (i.e. single family homes 
vs. multifamily homes) the more difficult the collection the more 

$$ 

Logistics 

16 Collection Day Changes  Collection day Changes minimized as a constraint on beat design.  
Cost will be to less efficient to minimize confrontation 

Logistics 

17 Same Day Collection Same Day Collection for two services -one of which has a 100% 
set out rate, the other has a 70% set out rate   now with two 

different methods of collection (hand collection and automated 
collection) and going to same method of collection (all automated 

and where rear-tippers service blue cart they will service black 
cart)  addition of third waste stream will add further complication  

cost is preparation of two beat designs and the inefficiency of 
kilometres travelled within a beat  

Logistics 

18 Size of vehicle Are the vehicles the right size to provide maximum value and are 
they the right size to service the built environment 

Vehicle 

19 Kilometres travelled within 
the beat 

Travelling the optimal path to service all sites within a beat will 
reduce the cost per house in terms of fuel cost and productive time 

Routing 

20 Quality of Service Increased attention to quality increases the time to service a site  
upright carts, closed enclosures, no damage, timely call-backs, 
managing residents expectations, collection of all waste set out, 

leaving a tidy collection site  impact of resident satisfaction 
demonstrated in citizen satisfaction survey which is historically 

above 90%, not sure what this translates into 

QoS 

21 Amount of waste collected 
per stop 

The greater the amount of waste collected per stop, the longer the 
amount of time spent per location, the greater the cost per site. 

Logistics 

22 Overtime Missing performance expectations, unrealistic expectations, 
mismanagement of staff, conflicting priorities (programs) add to 

productive hours required and the actual cost per house 

Human 
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B.2. Ranking of the services  (known as features in Very Best Choice ) 

 

Appendix C. BBN model, version 1: probability tables 

Appendix Table Appendix Table Appendix Table Appendix Table 1111. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Dummy_Prod_HumanDummy_Prod_HumanDummy_Prod_HumanDummy_Prod_Human’’’’    

Staff engagement Training 
Dummy_Prod_Human 

High Medium Low 

High 

High 50% 30% 20% 

Medium 60% 30% 10% 

Low 40% 30% 30% 

Medium 

High 45% 30% 25% 

Medium 30% 40% 30% 

Low 20% 40% 40% 

Low 

High 20% 30% 50% 

Medium 15% 45% 40% 

Low 10% 40% 50% 

    

Appendix Table Appendix Table Appendix Table Appendix Table 2222. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Dummy_Prod_CollectDummy_Prod_CollectDummy_Prod_CollectDummy_Prod_Collect’’’’    

# of collection points per location Waste amount per stop 
Dummy_Prod_Collect 

High Medium Low 

High 

High 0% 30% 70% 

Medium 10% 80% 10% 

Low 90% 10% 0% 
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Low 

High 10% 20% 70% 

Medium 40% 30% 30% 

Low 60% 30% 10% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 3333. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Truck TypeTruck TypeTruck TypeTruck Type’’’’    

Truck capacity Size of cab and chassis 
Truck Type 

High Medium Low 

High 

High 80% 10% 10% 

Medium 80% 20% 0% 

Low 0% 0% 100% 

Medium 

High 80% 10% 10% 

Medium 70% 20% 10% 

Low 0% 0% 100% 

Low 

High 0% 0% 100% 

Medium 0% 0% 100% 

Low 0% 0% 100% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 4444. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Dummy_Vehicle_BeatDummy_Vehicle_BeatDummy_Vehicle_BeatDummy_Vehicle_Beat’’’’    

Collection days per week BDU 
Dummy_Vehicle_Beat 

High Medium Low 

High 

High 80% 20% 0% 

Medium 50% 40% 10% 

Low 40% 30% 30% 

Medium 

High 60% 30% 10% 

Medium 0% 80% 20% 

Low 0% 20% 80% 

Low 

High 10% 30% 60% 

Medium 0% 30% 70% 

Low 0% 10% 90% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 5555. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Variable CostVariable CostVariable CostVariable Cost’’’’    

# of vehicles KM Travelled per day 
Variable Cost 

High Medium Low 

High 

High 100% 0% 0% 

Medium 80% 20% 0% 

Low 60% 30% 10% 

Medium 
High 90% 10% 0% 

Medium 10% 90% 0% 
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Low 10% 60% 30% 

Low 

High 80% 20% 0% 

Medium 10% 80% 10% 

Low 0% 10% 90% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 6666. Probability table for ‘Ve. Probability table for ‘Ve. Probability table for ‘Ve. Probability table for ‘Vehicle hicle hicle hicle CostCostCostCost’’’’    

Variable Cost Fixed Cost 
Vehicle Cost 

High Medium Low 

High 

High 100% 0% 0% 

Medium 70% 30% 0% 

Low 50% 30% 20% 

Medium 

High 70% 30% 0% 

Medium 30% 70% 0% 

Low 10% 50% 40% 

Low 

High 60% 30% 10% 

Medium 20% 50% 30% 

Low 0% 10% 90% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 7777. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘# of# of# of# of    staff (collection)staff (collection)staff (collection)staff (collection)’’’’    

Productivity Method of collection/Truck Configuration 
# of staff (collection) 

High Medium Low 

High 
High 0% 100% 0% 

Low 0% 0% 100% 

Medium 
High 35% 60% 5% 

Low 5% 70% 25% 

Low 
High 100% 0% 0% 

Low 0% 100% 0% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 8888. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Admin Staff CostAdmin Staff CostAdmin Staff CostAdmin Staff Cost’’’’    

Salary (Admin) # of Staff (Admin) 
Admin Staff Cost 

High Medium Low 

High 

High 100% 0% 0% 

Medium 30% 65% 5% 

Low 15% 75% 10% 

Medium 

High 25% 65% 10% 

Medium 5% 90% 5% 

Low 10% 30% 60% 

Low High 5% 80% 15% 
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Medium 5% 60% 35% 

Low 0% 0% 100% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 9999. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Admin CostAdmin CostAdmin CostAdmin Cost’’’’    

Admin Staff Cost Admin Duties 
Admin Cost 

High Medium Low 

High 
High 100% 0% 0% 

Low 0% 10% 90% 

Medium 
High 30% 60% 10% 

Low 10% 50% 40% 

Low 
High 0% 60% 40% 

Low 0% 0% 100% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 10101010. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘ProductivityProductivityProductivityProductivity’’’’    

Dummy_Prod_Human Dummy_Prod_Collect 
Safety & Environment 

Program 

Productivity 

High Medium Low 

High 

High 

High 80% 15% 5% 

Medium 60% 35% 5% 

Low 15% 80% 5% 

Medium 

High 75% 20% 5% 

Medium 50% 40% 10% 

Low 5% 70% 25% 

Low 

High 0% 95% 5% 

Medium 0% 90% 10% 

Low 0% 85% 15% 

Medium 

High 

High 10% 85% 5% 

Medium 5% 55% 40% 

Low 0% 40% 60% 

Medium 

High 15% 75% 10% 

Medium 10% 70% 20% 

Low 5% 60% 35% 

Low 

High 0% 60% 40% 

Medium 0% 50% 50% 

Low 0% 40% 60% 

Low 

High 

High 0% 40% 60% 

Medium 0% 30% 70% 

Low 0% 20% 80% 

Medium 
High 0% 40% 60% 

Medium 0% 30% 70% 
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Low 0% 20% 80% 

Low 

High 0% 5% 95% 

Medium 0% 0% 100% 

Low 0% 0% 100% 

 

Appendix Table Appendix Table Appendix Table Appendix Table 11111111. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘# of vehicles# of vehicles# of vehicles# of vehicles’’’’    

Truck Type Dummy_Vehicle_Beat Productivity 
# of vehicles 

High Medium Low 

High 

High 

High 0% 10% 90% 

Medium 20% 60% 20% 

Low 50% 50% 0% 

Medium 

High 10% 20% 70% 

Medium 10% 80% 10% 

Low 50% 50% 0% 

Low 

High 60% 30% 10% 

Medium 70% 30% 0% 

Low 80% 20% 0% 

Medium 

High 

High 0% 20% 80% 

Medium 20% 70% 10% 

Low 60% 40% 0% 

Medium 

High 0% 20% 80% 

Medium 30% 70% 0% 

Low 80% 20% 0% 

Low 

High 80% 20% 0% 

Medium 90% 10% 0% 

Low 100% 0% 0% 

Low 

High 

High 80% 20% 0% 

Medium 90% 10% 0% 

Low 100% 0% 0% 

Medium 

High 90% 10% 0% 

Medium 95% 5% 0% 

Low 100% 0% 0% 

Low 

High 100% 0% 0% 

Medium 100% 0% 0% 

Low 100% 0% 0% 
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Appendix Table Appendix Table Appendix Table Appendix Table 12121212. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘Staff CostStaff CostStaff CostStaff Cost’’’’    

# of staff (collection) Overtime Salary 
Staff Cost 

High Medium Low 

High 

High 

High 100% 0% 0% 

Medium 60% 40% 0% 

Low 50% 50% 0% 

Medium 

High 90% 10% 0% 

Medium 50% 50% 0% 

Low 40% 55% 5% 

Low 

High 90% 10% 0% 

Medium 45% 55% 0% 

Low 5% 90% 5% 

Medium 

High 

High 70% 30% 0% 

Medium 40% 60% 0% 

Low 0% 90% 10% 

Medium 

High 60% 40% 0% 

Medium 0% 100% 0% 

Low 0% 60% 40% 

Low 

High 55% 45% 0% 

Medium 0% 90% 10% 

Low 0% 40% 60% 

Low 

High 

High 10% 90% 0% 

Medium 0% 60% 40% 

Low 0% 30% 70% 

Medium 

High 5% 95% 0% 

Medium 0% 60% 40% 

Low 0% 20% 80% 

Low 

High 0% 90% 10% 

Medium 0% 50% 50% 

Low 0% 0% 100% 
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Appendix Table Appendix Table Appendix Table Appendix Table 13131313. Probability table for ‘. Probability table for ‘. Probability table for ‘. Probability table for ‘CostCostCostCost’’’’    

Staff Cost Admin Cost Vehicle Cost 
Cost 

High Medium Low 

High 

High 

High 100% 0% 0% 

Medium 60% 40% 0% 

Low 55% 45% 0% 

Medium 

High 100% 0% 0% 

Medium 60% 40% 0% 

Low 40% 55% 5% 

Low 

High 100% 0% 0% 

Medium 50% 50% 0% 

Low 10% 80% 10% 

Medium 

High 

High 70% 30% 0% 

Medium 10% 80% 10% 

Low 0% 90% 10% 

Medium 

High 70% 30% 0% 

Medium 0% 100% 0% 

Low 0% 90% 10% 

Low 

High 60% 40% 0% 

Medium 0% 90% 10% 

Low 0% 50% 50% 

Low 

High 

High 20% 70% 10% 

Medium 0% 70% 30% 

Low 0% 10% 90% 

Medium 

High 20% 70% 10% 

Medium 0% 70% 30% 

Low 0% 10% 90% 

Low 

High 10% 70% 20% 

Medium 0% 60% 40% 

Low 0% 0% 100% 
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Appendix Table Appendix Table Appendix Table Appendix Table 14141414. Probability table for . Probability table for . Probability table for . Probability table for QoSQoSQoSQoS    

Collection days 

per week 
Productivity Admin Cost 

QoS 

High Medium Low 

High 

High 

High 85% 5% 10% 

Medium 90% 0% 10% 

Low 90% 0% 10% 

Medium 

High 75% 15% 10% 

Medium 80% 10% 10% 

Low 80% 10% 10% 

Low 

High 55% 25% 20% 

Medium 60% 20% 20% 

Low 60% 20% 20% 

Medium 

High 

High 90% 10% 0% 

Medium 95% 5% 0% 

Low 90% 10% 0% 

Medium 

High 90% 10% 0% 

Medium 95% 5% 0% 

Low 95% 5% 0% 

Low 

High 65% 25% 10% 

Medium 70% 20% 10% 

Low 70% 20% 10% 

Low 

High 

High 75% 25% 0% 

Medium 65% 35% 0% 

Low 50% 40% 10% 

Medium 

High 70% 20% 10% 

Medium 60% 30% 10% 

Low 50% 40% 10% 

Low 

High 30% 30% 40% 

Medium 20% 20% 60% 

Low 10% 20% 70% 
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Appendix D. WRS Scenarios for validating the BBN model, version 1 

D.1. Validation scenarios 1-5 

Variable 

Scenario 

1 2 3 4 5 

Value State Value State Value State Value State Value State 

# of collection 
points per location 

1 L 1 L 1 L 1 L 1 L 

# of Staff (Admin) 5 H 3 H 1 M 3 H 1 M 

Admin duties 10% L 20% L 40% H 20% L 40% H 

Collection days per 
week 

4 M 4 M 6 H 4 M 4 M 

BDU 750 M 850 M 900 M 800 M 850 M 

Fixed Cost 100+% H 95% L 95% L 100+% H 
95-

100% 
M 

KM Travelled per 
day 

80-100 M 80-100 M 80> L 100+ H 80-100 M 

Method of 
collection/Truck 
Configuration 

2 H 1.8 H 1.1 L 2 H 1.2 L 

Overtime - - - - - - - - - - 

Safety & 
Environment 

Program 
1% H 1% H 1% H 1% H 0-1% M 

Salary 
Average 
+10% 

H average M 
average 

-5% 
L 

Average 
+10% 

H Average M 

Salary (Admin) - - - - - - - - - - 

Size of cab and 
chassis 

2 M 2 M 2 M 2 M 2 M 

Staff engagement 70+% H 70+% H 70+% H 50-70% M 50-70% M 

Training 6 H 6 H 6 H 6 H 4 M 

Truck capacity 10+ H 10+ H 8-10 M 10+ H 10+ H 

Waste amount per 
stop 

9+ H 9+ H 7-9 M 9+ H 7-9 M 
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D.2. Validation scenarios 6-9 

Variable 

Scenario 

6 7 8 9 

Value State Value State Value State Value State 

# of collection points per 
location 

2 on one side 
of lane 

H 1 L 1 L 2 L 

# of Staff (Admin) 0 L 1 M 0 L 0 L 

Admin duties 50% H 40% H 50% H 60% H 

Collection days per week 6 H 3 L 4 M 6 H 

BDU 950 H 850 M 950 H 1050 H 

Fixed Cost 95% L 100+% H 100+% H 95% L 

KM Travelled per day 80> L 100+ H 100+ H 80-100 M 

Method of collection/Truck 
Configuration 

1 L 2 H 1 L 1 L 

Overtime 
        

Safety & Environment 
Program 

0-1% M 0-1% M 0 L 0 L 

Salary Average -5% L 
Average 
+10% 

H Average M 
Average -

5% 
L 

Salary (Admin) 
        

Size of cab and chassis 2 M 2 M 2 M 1 L 

Staff engagement 50-70% M >50% L >50% L >50% L 

Training 4 M 4 M 2 L 1 L 

Truck capacity 8-10 M 8-10 M 8-10 M 8- L 

Waste amount per stop 7-9 M 7-9 M 7- L 7- L 
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Appendix E. BBN model version 2; new variables and probability tables 

E.1. Snapshot of the model 
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E.2. New variables  

Variable  
State 

Description 
High Medium Low 

Issue Type 
Meaning Collection Damage Behavior Issue itself 

Probabilities for each 
value Probability 80% 15% 5% 

# of issues from the 
same address 

Meaning 0 1 1+ Total issues / total 
individual addresses 
Probabilities for each 
value 

Probability 95% 4% 1% 

Time to resolve the 
issue 

Meaning 1 day 2 days 2 + Probabilities for each 
value Probability 95% 4% 1% 

# of people 
involved 

Meaning 1 2 2+ Probabilities for each 
value Probability 60% 35% 5% 

Quality of 
resolution 

Meaning collaborative compromise compliance How well the issue is 
resolved 
Probabilities for each 
value 

Probability 5% 1% 94% 
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E.3. New probability tables (for Issue Resolution and Total Issues) and updated 

probability table for QoS 

Time to resolve the issue # of people involved Quality of resolution 
Issue Resolution 

High Medium Low 

High 

High 

High 100% 0% 0% 

Medium 95% 5% 0% 

Low 75% 20% 5% 

Medium 

High 100% 0% 0% 

Medium 90% 10% 0% 

Low 65% 30% 5% 

Low 

High 95% 5% 0% 

Medium 85% 10% 5% 

Low 50% 35% 15% 

Medium 

High 

High 100% 0% 0% 

Medium 95% 5% 0% 

Low 75% 20% 5% 

Medium 

High 100% 0% 0% 

Medium 90% 10% 0% 

Low 60% 30% 10% 

Low 

High 90% 10% 0% 

Medium 80% 15% 5% 

Low 50% 35% 15% 

Low 

High 

High 80% 20% 0% 

Medium 65% 30% 5% 

Low 50% 35% 15% 

Medium 

High 70% 15% 15% 

Medium 50% 35% 15% 

Low 35% 25% 25% 

Low 

High 5% 25% 70% 

Medium 0% 25% 75% 

Low 0% 0% 100% 
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Issue Type # of issues from the same address 
Issue 

Resolution 

Total Issues 

High Medium Low 

High 
(collection) 

High 

High 100% 0% 0% 

Medium 85% 15% 0% 

Low 70% 30% 0% 

Medium 

High 100% 0% 0% 

Medium 60% 30% 10% 

Low 10% 60% 30% 

Low 

High 15% 60% 25% 

Medium 5% 55% 40% 

Low 0% 40% 60% 

Medium 
(damage) 

High 

High 95% 5% 0% 

Medium 80% 20% 0% 

Low 70% 20% 10% 

Medium 

High 15% 60% 25% 

Medium 10% 50% 40% 

Low 0% 30% 70% 

Low 

High 0% 40% 60% 

Medium 0% 20% 80% 

Low 0% 5% 95% 

Low 
(behavior) 

High 

High 50% 30% 20% 

Medium 0% 30% 70% 

Low 0% 0% 100% 

Medium 

High 0% 40% 60% 

Medium 0% 15% 85% 

Low 0% 0% 100% 

Low 

High 0% 30% 70% 

Medium 0% 15% 85% 

Low 0% 0% 100% 
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Total 

Issues 
Productivity 

Admin 

Duties 

QoS 

High Medium Low 

High 

High 
High 100% 0% 0% 

Low 90% 10% 0% 

Medium 
High 95% 5% 0% 

Low 85% 15% 0% 

Low 
High 90% 10% 0% 

Low 80% 15% 5% 

Medium 

High 
High 60% 40% 0% 

Low 55% 45% 0% 

Medium 
High 25% 60% 15% 

Low 0% 60% 40% 

Low 
High 10% 60% 30% 

Low 0% 40% 60% 

Low 

High 
High 0% 40% 60% 

Low 0% 25% 75% 

Medium 
High 0% 15% 85% 

Low 0% 0% 100% 

Low 
High 0% 5% 95% 

Low 0% 0% 100% 

 

Appendix F. Updated scenarios to validate the BBN model, version 2 

Variable 
Scenario 

1 2 3 4 5 6 7 8 9 

KM Travelled per day M M L H M L H H M 

Waste amount per stop H H M H M M M L L 

Fixed Cost H L L H M L H H L 

Salary H M L H M L H M L 

Truck capacity H H M H H M M M L 

Size of cab and chassis M M M M M M M M L 

Overtime - - - - - - - - - 

Staff engagement H H H M M M L L L 

BDU M M M M M H M H H 

# of Staff (Admin) H H M H M L M L L 

Salary (Admin) - - - - - - - - - 

Method of collection/Truck Configuration H H L H L L H L L 

# of collection points per location L L L L L H L L L 

Admin duties L L H L H H H H H 
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Variable 
Scenario 

1 2 3 4 5 6 7 8 9 

Safety & Environment Program H H H H M M M L L 

Collection days per week M M H M M H L M H 

Training H H H H M M M L L 

Quality of Resolution H H M H M M L L L 

# of Issues from the same address H H H H M M L L L 

Time to resolve the issue H H H H M M L L L 

# of People Involved - - - - - - - - - 

Issue Type H H H M M M L L L 

 

Appendix G. Sensitivity scenarios for BBN model, version 2 

Variable State 

Cost QoS 
Impact 

High Medium Low High Medium Low 

60.7% 36.3% 3.0% 80.8% 13.6% 5.6% Cost QoS 

KM Travelled per 
day 

High 66.3% 31.4% 2.3% 80.8% 13.6% 5.6% 6% 0% 

Medium 58.9% 38.0% 3.1% 80.8% 13.6% 5.6% -2% 0% 

Low 55.6% 40.3% 4.1% 80.8% 13.6% 5.6% -6% 0% 

Waste amount per 
stop 

High 61.9% 35.3% 2.8% 79.6% 14.2% 6.2% 1% -2% 

Medium 61.9% 35.3% 2.8% 79.6% 14.2% 6.2% 1% -2% 

Low 60.4% 36.4% 3.2% 81.0% 13.5% 5.5% 0% 0% 

Fixed Cost 

High 63.0% 34.5% 2.5% 80.8% 13.6% 5.6% 3% 0% 

Medium 45.7% 49.9% 4.4% 80.8% 13.6% 5.6% -16% 0% 

Low 32.8% 55.1% 12.1% 80.8% 13.6% 5.6% -37% 0% 

Salary 

High 77.1% 22.3% 0.6% 80.8% 13.6% 5.6% 19% 0% 

Medium 61.3% 36.3% 2.4% 80.8% 13.6% 5.6% 1% 0% 

Low 49.3% 44.6% 6.1% 80.8% 13.6% 5.6% -14% 0% 

Truck capacity 

High 59.9% 36.9% 3.2% 80.8% 13.6% 5.6% -1% 0% 

Medium 60.3% 36.5% 3.2% 80.8% 13.6% 5.6% 0% 0% 

Low 63.9% 33.5% 2.6% 80.8% 13.6% 5.6% 4% 0% 

Size of cab and 
chassis 

High 60.6% 36.4% 3.0% 80.8% 13.6% 5.6% 0% 0% 

Medium 60.6% 36.3% 3.1% 80.8% 13.6% 5.6% 0% 0% 

Low 63.9% 33.5% 2.6% 80.8% 13.6% 5.6% 4% 0% 

Overtime 

High 64.5% 32.8% 2.7% 80.8% 13.6% 5.6% 4% 0% 

Medium 58.2% 38.5% 3.3% 80.8% 13.6% 5.6% -3% 0% 

Low 53.6% 41.7% 4.7% 80.8% 13.6% 5.6% -9% 0% 

Staff engagement 

High 59.4% 37.3% 3.3% 82.0% 13.0% 5.0% -2% 2% 

Medium 60.8% 36.1% 3.1% 80.6% 13.7% 5.7% 0% 0% 

Low 61.8% 35.4% 2.8% 79.8% 14.1% 6.1% 1% -2% 

BDU High 60.4% 36.5% 3.1% 80.8% 13.6% 5.6% 0% 0% 
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Variable State 

Cost QoS 
Impact 

High Medium Low High Medium Low 

60.7% 36.3% 3.0% 80.8% 13.6% 5.6% Cost QoS 

Medium 60.7% 36.2% 3.1% 80.8% 13.6% 5.6% 0% 0% 

Low 60.8% 36.1% 3.1% 80.8% 13.6% 5.6% 0% 0% 

# of Staff (Admin) 

High 61.9% 35.4% 2.7% 80.8% 13.6% 5.6% 1% 0% 

Medium 61.3% 35.9% 2.8% 80.8% 13.6% 5.6% 1% 0% 

Low 58.9% 37.6% 3.5% 80.8% 13.6% 5.6% -2% 0% 

Salary (Admin) 

High 63.0% 34.2% 2.8% 80.8% 13.6% 5.6% 3% 0% 

Medium 61.3% 35.7% 3.0% 80.8% 13.6% 5.6% 1% 0% 

Low 60.1% 36.7% 3.2% 80.8% 13.6% 5.6% -1% 0% 

Method of 
collection/Truck 
Configuration 

High 64.7% 33.1% 2.2% 80.8% 13.6% 5.6% 5% 0% 

Low 56.6% 39.5% 3.9% 80.8% 13.6% 5.6% -5% 0% 

# of collection 
points per location 

High 60.5% 36.4% 3.1% 81.0% 13.5% 5.5% 0% 0% 

Low 60.7% 36.3% 3.0% 80.8% 13.6% 5.6% 0% 0% 

Admin duties 
High 62.6% 34.9% 2.5% 85.9% 10.4% 3.7% 3% 7% 

Low 58.7% 37.6% 3.7% 75.7% 16.8% 7.5% -3% -7% 

Safety & 
Environment 

Program 

High 59.3% 37.3% 3.4% 82.1% 13.0% 4.9% -2% 2% 

Medium 60.6% 36.3% 3.1% 80.9% 13.5% 5.6% 0% 0% 

Low 62.2% 35.1% 2.7% 79.4% 14.3% 6.3% 2% -2% 

Collection days per 
week 

High 59.9% 36.9% 3.2% 80.8% 13.6% 5.6% -1% 0% 

Medium 60.3% 36.6% 3.1% 80.8% 13.6% 5.6% 0% 0% 

Low 61.8% 35.3% 2.9% 80.8% 13.6% 5.6% 1% 0% 

Training 

High 60.4% 36.5% 3.1% 81.1% 13.4% 5.5% 0% 0% 

Medium 60.4% 36.5% 3.1% 81.1% 13.5% 5.4% 0% 0% 

Low 61.2% 35.8% 3.0% 80.3% 13.8% 5.9% 1% -1% 

Quality of 
Resolution 

High 60.7% 36.3% 3.0% 85.0% 11.6% 3.4% 0% 7% 

Medium 60.7% 36.3% 3.0% 84.1% 12.1% 3.8% 0% 5% 

Low 60.7% 36.3% 3.0% 80.5% 13.7% 5.8% 0% 0% 

# of Issues from the 
same address 

High 60.7% 36.3% 3.0% 82.1% 13.2% 4.7% 0% 2% 

Medium 60.7% 36.3% 3.0% 65.7% 18.0% 16.3% 0% -26% 

Low 60.7% 36.3% 3.0% 16.9% 32.6% 50.5% 0% -109% 

Time to resolve the 
issue 

High 60.7% 36.3% 3.0% 80.9% 13.6% 5.5% 0% 0% 

Medium 60.7% 36.3% 3.0% 80.5% 13.7% 5.8% 0% -1% 

Low 60.7% 36.3% 3.0% 75.4% 16.0% 8.6% 0% -8% 

# of People 
Involved 

High 60.7% 36.3% 3.0% 81.5% 13.3% 5.2% 0% 1% 

Medium 60.7% 36.3% 3.0% 80.2% 13.9% 5.9% 0% -1% 

Low 60.7% 36.3% 3.0% 77.2% 15.2% 7.6% 0% -6% 

Issue Type 

Collection 60.7% 36.3% 3.0% 84.1% 12.8% 3.1% 0% 6% 

Damage 60.7% 36.3% 3.0% 78.4% 15.2% 6.4% 0% -3% 

Behavior 60.7% 36.3% 3.0% 34.8% 22.2% 43.0% 0% -83% 
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Appendix H. Attributes in the waste prediction model, with their weights, 

descriptions, and sample values 

Attribute Weight Description Sample 

Value 

ActiveEdges 3.84 The place that the garbage is collected from (front of 
house, side or lane) 

5 

AcutalBDU 5.31 The total number of beat design units based on land 
use type 

18.15 

ApartmentEqual7Bldg 1.21 

Apartments with certain number of units 

0 

ApartmentEqual8Bldg 0.65 0 

ApartmentGreater8Bldg 2.27 0 

ApartmentLess5Bldg 6.63 0 

Beat Design Unit 2.06 Determine the size of the beats 18 

Converted 2.49 Homes converted to a basement suite so there is 
likely double the waste 

0 

GrowthBDU 4.2 The lots that are not yet occupied, found in the mini 
census 

0 

HualDistance 4.04 The distance from the landfill to the centroid of the 
beat 

26 

MCApartmentLess5Occ 2.08 

MC label refers to mini census. It describes the 
building type count done in the field on newly 
developed areas that have just been built. Once an 
area is developed, the values will come from non-MC 
attributes. 

0 

MCApartmentLess5UnderConst 0.39 0 

MCDuplexOcc 1.66 0 

MCDuplexUnderConst 1.24 0 

MCRowTownhouseLess5Bldg 5.77 0 

MCRowTownhouseLess5Occ 4.31 0 

MCRowTownhouseLess5UnderConst 4.61 0 

MCSingleFamilyBldg 24.59 0 

MCSingleFamilyBldg 17.28 0 

MCSingleFamilyOcc 19.55 0 

MCSingleFamilyUnderConst 3.92 0 

MobileHome 0.3 The number of mobile homes 0 

NetBodyCapacity 4.12 The weight capacity for the type of truck collecting 
the garbage 

14 

OtherBldg 2.74 

Total number of different housing types 

0 

OverallApartmentLess5unitCount 6.86 0 

OverallDuplexCount 2.52 0 

OverallRowTownhouseLess5unitCount 35.64 0 

OverallSingleFamilyCount 8.01 15 

RowTownhouseEqual5Bldg 0.99 
The number of town houses with certain number of 
units 

1 

RowTownhouseEqual8Bldg 0.65 0 

RowTownhouseGreater8 0.25 0 
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Attribute Weight Description Sample 

Value 

RowTownhouseGreater8Bldg 1.5 0 

RowTownhouseLess5 38.57 0 

RowTownhouseLess5Bldg 2.44 0 

TargetBDU 2.55 The planned BDU 277 

TotalCBCCustomers 1.95 The total number of commercial bulk collection 
customers in a beat 

14 

TotalKM 11.29 The distance traveled by the vehicles in a beat 133 

TotalKG (Target Attribute) - The total amount of waste per beat per day 8115 

 

Appendix I. Snapshot of the DSS WRS tool, related to Case Study 5 

I.1. Snapshot of the DSS WRS tool, use case: defining scenarios 

 
 

I.2. Snapshot of the DSS WRS tool, use case: scenario analysis 
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I.3. Snapshot of the DSS WRS tool, use case: sensitivity analysis 
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I.4. Snapshot of the DSS WRS tool, use case: calculating optimized routes 
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I.5. Snapshot of the DSS WRS tool, use case: analyzing the optimized routes 
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I.6. Snapshot of the DSS WRS tool, use case: visualizing the optimized routes 
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Appendix J. Empirical evaluation of the SOPLS method in Waste and 

Recycling Services: Guideline for the experiment 

1. Introduction 

The purpose of this experiment is to evaluate parts of the decision support methodology designed 

during the collaboration project between the City of Calgary’s Waste and Recycling Services 

(WRS) and the University of Calgary. A software prototype has been implemented in which the 

designed components have been integrated.  

In this experiment the developed tool will be used for the issue of new growth. You have been 

invited to participate in this study because of your expertise and knowledge on the studied topic. 

Your participation has been broken into some tasks, which are explained step by step in this 

document. After completing each task, your opinion on the usefulness of the tool, its efficiency 

and some other parameters will be asked. The questions can be found in the evaluation form, at 

the end of this document.  

2. Experiment 

You will be working with the DSS-WRS prototype software application, which is accessible 

through the following web link: 

http://136.159.106.153:8080/DSS_WRS 

In this experiment the Beat design of the black carts is used by the tool to perform some 

computations and provide analyses. The data files have been already uploaded to facilitate the 

process. You will be guided to work with the software, observe its functionality, and evaluate it. 

There are two tasks to be completed, each one containing three sub-tasks. 

2.1. Task 1: Analyzing the WRS strategies with the Cost-Quality of Service (QoS) model 

2.1.1. Background 

A Cost-QoS model has been developed in the course of the collaboration project. This model 

takes several input parameters, like Waste Amount per Stop, BDU (Beat Design Unit), Truck 

Capacity, etc., and predicts their impact on Cost and QoS. So, different strategies can be 

evaluated in advance using this tool in terms of their impact on Cost and QoS. 
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In this part of the experiment you will analyze some sample strategies with the DSS-WRS tool.  

2.1.2. Sub-task 1: analyzing the baseline scenario 

Please take the following steps to complete this part. 

• From the main menu, select “Cost-QoS Analysis”. 

• In the project box, select “Black Carts” and then click “Load”. You should be able to see 

a list of parameters with some values assigned to them. 

• From the analysis list, click on the “Evaluate cost and quality of service”. A window 

should pop-up in which the impact of the default scenario (also called baseline scenario) 

is shown by two graphs. Each graph shows the possibility of Cost or QoS to be in the 

high category, medium, or low. The higher the values in the high category, the higher 

Cost or QoS would be expected.  

• Select one variable from the list, and click on the “Sensitivity analysis”. A window 

should pop-up in which the sensitivity of Cost and QoS to the selected variable will be 

illustrated. 

2.1.3. Subtask 2: re-planning; evaluating a scenario 

Now, assume that you want to evaluate a new strategy in which the Staff Engagement should be 

increased as well as the Admin Duties. The Staff Engagement has three states: High, Medium, 

and Low; which are 0.33 in the baseline scenario. The Admin Duties has two states: High and 

Low; which are 0.5 in the baseline scenario. You are going to change these numbers to see their 

impact on Cost and QoS. Changes would be towards more staff engagement and more admin 

duties. We expect an increase in Cost due to the costs associated with engaging programs and 

also the admin duties. In return, the QoS is expected to increase as well. 

Please take the following steps to complete this task: 

• In the same page, “Cost-QoS Analysis”, find the parameter “Staff Engagement” and click 

the edit icon in the same row. 

• Change the values under High, Medium, and Low to 0.8, 0.2, and 0, respectively. Then 

click the OK icon. 
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• Find the parameter “Admin Duties”, click the edit icon, and change the values under 

High and Low to 0.8 and 0.2, respectively. Then, click the OK icon. 

• Now, click on the “Evaluate cost and quality of service” to see the impact. As you will 

observe, the value of Cost for the High state slightly increases while the value of QoS for 

the High state increases more. 

2.1.4. Sub-task 3: re-planning; suggesting a scenario 

In this task, you are expected to suggest a scenario by changing some parameters based on your 

desire. The procedure is the same as sub-task 2, except that before changing the parameters you 

will need to reset the values. This can be done simply by clicking the “Load” button. 

Please enter your inputs and the results together with the overall analysis of this part in the 

evaluation form. 

2.2. Task 2: Analyzing the beat designs with the operational perspective and their impact 

on Cost and QoS 

2.2.1. Background 

The beat designs are the main input for designing the collection routes, assigning trucks, etc. 

Each design contains the roads inside a beat which have at least one collection point. The routes 

are taken by the collectors based on their experience, preferences, road conditions, etc. But, 

when a driver is new to the beat, this task might be time-consuming or lead to an inefficient route. 

Therefore, using a computation model would help in this situation. A vehicle routing model has 

been developed in this project to optimize the collection routes for a given beat. Although the 

optimized routes may not be fully implemented by the collectors, due to some constraints in the 

model and daily conditions, the results still are useful to have an estimate of the length of the 

routes and the costs associated with it. The output from the vehicle routing model, which mainly 

is the length of the routes, will be used by the Cost-QoS model to estimate the impact of the beat 

design on Cost and QoS.  

The above functionalities have been integrated with the DSS-WRS software application. In this 

section, you will be evaluating them for a given beat design. 

2.2.2. Sub-task 1: running the vehicle routing module 
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In this task, you will run the optimization algorithm on a given beat design to compute the 

collection routes. Please take the following steps: 

• From the main menu, click on “Computing Collection Routes”. 

• In the project box, select “Black Carts”. 

• In the design box, select “Black Cart Beats”, and then click the “Load” button. 

• You will see all the beats and their details in the form of a table. 

• All the routes have been already evaluated for efficiency of this experiment. But, the 

software allows you to recalculate some in case of adjustments. For example, you can 

change the landfill associated with a beat and recalculate the routes. This will change the 

routes from/to landfill for that beat. 

• Under “View Route”, click on the “View” link for a beat and you will see the visualized 

route. Although this feature is still under improvement, the overall structure of the routes 

can be seen. Also, the details of the routes with turn by turn direction can be seen and 

exported for further purposes. 

2.2.3. Sub-task 2: analyzing the collection routes with both operational and strategic 

perspectives 

After computing the collection routes, the software provides some analyses on the results. In this 

task, you will view the analyses and evaluate them. Please take the following steps: 

• From the main menu, click on “Analysis”. 

• In the Analysis page, you will see some options and a list of the beat designs. Select a 

design and click on the first analysis under “Multiple design analysis”: “BEAT lengths 

analysis”. A window will pop with the information on average, sum, min, and max length 

of the routes for inside beats and from/to landfill. 

• The next three links provide more analyses on the length of the routes. 

• The last analysis shows the results from applying the route length to the Cost-QoS model. 

So, their strategic impact would be estimated. Click on “Impacts of Beat design on cost 

and quality of service”. As you will see the estimated Cost and QoS associated with the 

given beat design will be shown. 
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• You can perform the above analysis, under “Multiple design analysis”, for multiple 

designs in order to compare them. 

• There are two more analyses under “Single design analysis”; the first one breaks the 

design into days and districts, and the second one performs a sensitivity analysis with 

consideration of impact on Cost and QoS. 

2.2.4. Sub-task 3: re-planning scenario 

In this section, you will make an adjustment to the default beat design (baseline scenario) and 

evaluate its impact on operational and strategic level parameters. Please take the following steps: 

• From the main menu, click on “Computing Collection Routes”. 

• In the project box, select “Black Carts - Districts”. 

• In the design box, select “Black Cart Beats – District 1”, and then click the “Load” button. 

• You will see all the beats and their details in the form of a table. 

• Pick one beat and click the edit icon under the “Modify”. You can update the Day of 

Week and Landfill for that beat. Try a different Landfill and click on the OK icon under 

“Modify”. Then select the row and click on the “Compute selected Beats”. After a few 

seconds, you will see that the length of the routes from/to landfill is updated. 

Since changing only one beat has a slight impact on total length of the routes or overall Cost and 

QoS, the default Black Carts beat design has been broken into three designs, according to three 

districts. To see the differences between the beat designs and their impact on Cost and QoS, 

please take the following steps: 

• From the main menu, click on “Analysis”. 

• From the list of beat designs, select the following three designs: “Black Cart Beats - 

District 1”, “Black Cart Beats - District 2”, and “Black Cart Beats - District 3”. 

• Click on “BEAT length analysis” to see the details on the length of the routes and 

comparisons for the three designs. 

• Click on “BEAT design impacts on cost and quality of service” to compare the impact of 

the designs on Cost and QoS. 

 



  

200 

 

3. Evaluation  

In this section your inputs from completing the tasks and evaluating the functionalities of the 

DSS-WRS software will be collected. Your inputs and comments are appreciated and will be 

used towards improving this research. 

 
Task 1 Task 2 

Sub-task 1 Sub-task 2 Sub-task 3 Sub-task 1 Sub-task 2 Sub-task 3 

Relevance (1-5)       

Usefulness (1-5)       

Efficiency (1-5)       

Simplicity (1-5)       

Accuracy (1-5)       

Conformance (1-5)       

Trustworthiness (1-5)       

Comment       

 

The evaluation form consists of six columns, according to the six sub-tasks you have performed. 

Each sub-task reflects a high-level feature of the decision support system. Seven evaluation 

criteria have been considered as follows: 

• Relevance: how was the task/feature related to your job and the decisions you usually 

deal with?  

• Usefulness: does it facilitate the decision making process by providing more information 

and computation capabilities? 

• Efficiency: was the time spent by you and the software for the computations less than or 

equal to the time it would take without using the software?  

• Simplicity: was it understandable and simple to use? 

• Accuracy: how accurate were the outputs provided by the software? How were they close 

to your expectations? 

• Conformance: how were the types of outputs and analyses conformed to your 

expectations? 

• Trustworthiness: how would you trust the outputs provided by the software for future 

usages? 
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A score between 1 and 5 will be assigned to the tasks (features) for each criterion, 1 being the 

lowest score and 5 the highest. There is an additional column, named “Comment”, which is 

intended for the comments you may have for each feature and also your inputs from the section 

2.1.4 (suggesting a new strategy). 
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Appendix K. BBN model, version 3 
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