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ABSTRACT

The paper presents the methodology and practical application of an urban transportation system planning process for a medium sized metropolitan area in Poznan, Poland. The current public transportation system is composed of trams and buses and its integration with light rail and private transportation means is considered. The proposed approach is based on traffic macro simulation tools and Multiple Criteria Decision Making /Aiding – MCDM/A methods. The macro simulation software VISUM is applied to generate different variants of an integrated urban transportation system. The MCDM/A ranking methods, including ELECTRE III/IV and AHP are applied to evaluate the generated variants of the system. The variants are evaluated by a consistent family of criteria.  The analysis results in the selection of the most desirable integrated urban transportation system. 
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1. Introduction

One of the weaknesses of the European urban transportation systems is the lack or insufficient development of integration and coordination between different transportation modes within the urban transportation network (White Paper, 2001). Many European Union research projects (Propolis, 2004; Prospects, 2003; Transplus, 2003; Quattro, 1997) are focused on the development of solutions that would enhance the flexibility of urban transportation systems, including: coordination between transportation modes, system oriented planning and designing of the transportation network, introduction of demand responsive, passenger oriented solutions. 

The notion of the integrated/ coordinated urban transportation system is perceived differently by various authors (Daganzo, 1997; Hills et al, 1997) and may involve such elements as (Hall et al, 2005; Hills et al, 1997): multimodal transportation corridors, coordinated timetables, fixed route service and demand responsive service, movements of private cars combined with public transportation (Park & Ride and Park & Go systems). The Propolis project (Propolis, 2004) focuses on the integration of the land use and transportation policies within the metropolitan areas. The authors propose alternative integrated solutions for several cities worldwide. In the Prospects project (Prospects, 2003) the authors investigate, among others, the impact of different transport integration tools on the behavior of travelers. Interesting considerations on integration in urban transport policy can be found in the article of May et al (2006). The authors suggest the principles for designing an effective integrated urban transportation policy and discuss different types of integration. In this paper different categories of solutions supporting integration and coordination within the urban transportation system are considered. 

Planning and designing of an urban transportation system is an activity of the traffic engineers, city planners, city logistics consultants and transportation policy makers. Those groups of experts support local authorities and urban transportation systems operators to construct the most rational set of components that constitute the urban transportation system.  Urban transportation planning and designing involves five basic categories of measures (Anderson et al, 1996; Hills et al, 1997): land use design, infrastructure development, implementation of management rules, information provision and pricing strategies design. 

When the existing and operating urban transportation system is considered the above mentioned measures are applied to its redesign, enhancement and improvement. In many real world cases, due to local constraints and existing circumstances, only selected categories of the described measures can be applied. Usually the redesign of the urban transportation system requires substantial financial, environmental and social expenditures (Plane, 1995; Zak, Thiel, 2001).

Evaluation of urban transportation systems has been a widely discussed topic for many years (Prospects, 2003; Quattro, 1997; Tzeng, Shiau, 1988; Webb, 2004; Zak, Thiel, 2001). The authors of different publications (Gupta, 1997; Rudnicki, 1999; Saaty, 1995; Zak, 1999; Zak, Thiel, 2001) prove that such an evaluation should involve the analysis of eight to twenty one parameters. The most commonly used characteristics include: timeliness, operating frequency, transferring frequency, safety, comfort, accessibility, riding time and travel costs, regularity, waiting time (strongly correlated with operating frequency or headway), density of the transportation network, driving style (riding smoothness), noise and vibration, comfort of aboarding and alighting, seats quality and availability. In addition, when the evaluation refers to the development or redesign of an urban transportation system, many authors (Gercek, et al, 1998; Gomes, 1989; Tabucanon, Lee, 1995) complement the above mentioned list of parameters by different financial, socio-political and environmental criteria. 

The above mentioned parameters / criteria represent the interests of different stakeholders (groups of interests). Tzeng, Shiau (1988) and Zak (1999) distinguish the following groups of stakeholders in the urban transportation system: passengers, operator, municipal authorities. Other authors (Caliskan, 2006; Rodier et al, 1997) add such bodies as: local communities and other road users. In many cases the interests of different stakeholders have a contradictory character and a compromise solution (Roy, 1990a; Vincke, 1992) must be found to satisfy them at least partially. In such circumstances the natural tendency is the application of the MCDM/A methodology in the analysis and evaluation of the urban transportation systems. Several successful applications of multicriteria analysis in urban transportation planning have been reported. These include the works of: Chang and Shyu (1995), Ergun et al, (2000), Gercek et al, (1998), Gomes (1989), Hsu (1998), Jamarthanan, Schneider (1987), Roy, Hugonnard (1982), Satty (1995), and Tabucanon, Lee (1995).

The purpose of this research is to present the application of traffic simulation and MCDM/A tools to designing and evaluation of alternative variants of the integrated urban transportation system. The analysis is carried out as a real world case study and refers to the urban transportation system of Poznan city in Poland. Computational experiments lead to the final ranking of the designed variants and the final selection of the most desired solution. 

The paper is composed of six sections. The introduction presents the literature survey and the background of the topic considered. In section 2 the research methodology is presented, while section 3 describes the constructed variants. In section 4 the evaluation of variants is carried out and the results of computational experiments are presented.  Final conclusions are drawn in section 5. The paper is completed by a list of references.

2. research methodology

This section of the paper presents the methodological background of the research. The research methodology is based on the application of two theories, including: traffic simulation (subsection 2.1) and MCDM/A (subsection 2.2) 

2.1. Traffic simulation and designing urban transportation systems
In general, simulation is a controlled, statistical sampling technique, for complex stochastic systems (Hiller, Lieberman, 2001). Rather then describing the overall behavior of the system directly, the simulation model describes the operations of the system in terms of individual events of individual components of the system. Simulation models are becoming a more and more popular tool in assessing the performance of traffic infrastructure, and analyzing the behavior of drivers and passengers (traffic simulation). Especially when information is used to influence the behavior of drivers and passengers, simulation stands out as a very viable tool to analyze alternative scenarios and their likely outcomes. 

There are different levels of detail in traffic simulation models from macroscopic through mesoscopic to microscopic (Lieberman, 1992).  Macroscopic models, used in a so called macro simulation, describe the traffic at a high level of aggregation, as a generic flow of vehicles or passengers, without considering separately its particular components (vehicles, passengers). In the macro simulation the flow is usually characterized by very universal and aggregated measures, such as the number of vehicles/passengers crossing a certain point per time unit (hour). Macro simulation is thus well suited for a comprehensive analysis of a whole transportation system or its substantial part. As opposed to macroscopic models, the microscopic ones describe and analyze in detail the behavior of particular entities that constitute the traffic flow (vehicles, passengers) as well as their multidimensional interactions. Based on their application one can observe specific traffic phenomena, drivers behavior and passengers common practices on an intersection or in a selected limited area of the transportation system. Mesoscopic models are at an intermediate level of detail, somewhere between macroscopic and microscopic ones. They might describe, for instance, the movements of individual vehicles, but not their interactions (Lieberman, 1992). Usually they do not characterize the behavior of individual drivers and passengers. 

The traffic simulation principles have been used to design different variants of the integrated urban transportation system. Designing of variants had an intuitive, heuristic character. The authors proposed certain transportation solutions for an integrated urban transportation system and investigated their impact on the operations of the system through the traffic simulation. The construction of alternative options has been initiated by a comprehensive analysis and evaluation of the existing urban transportation system with its strengths and weaknesses, opportunities and threats (SWOT analysis). The redesign of the urban transportation system included such elements as: reconfiguration of the transportation network with elimination of certain routes and extension of others, changes in the distribution of bus/tram stops, redefinition of the modal split and fleet composition (introduction of new transportation modes and reduction of others), infrastructural investments (road construction, introduction of parking lots – Park & Ride system, closing and opening new depots), changes based on legal regulations (e.g. speed limits), changes in pricing policies, changes in frequencies/ headways of transportation means resulting in the redesign of the timetables. The overall objective of introducing the above mentioned changes was to enhance the efficiency and quality of the urban transportation system through the integration of its subsystems and components (Jones, 1994). 

VISUM 

The above described elements and transportation solutions linked together constituted the components of different variants of the integrated urban transportation system in Poznan, Poland. They have been generated and simulated with the application of the computer macro simulation software VISUM. The software, that supports the urban transportation planning, is a product of a German company PTV Vision. It has been used in a number of European Union countries, and in the USA, on many occasions (http://www.ptvamerica.com, 2006).

VISUM can be applied to designing and analyzing the transportation projects that refer to both collective and individual traffic flows (http://www.ptvamerica.com, 2006). It is particularly suitable for the large scale transportation projects because it provides an overall, macro perspective of the whole transportation system. Although it neither distinguishes the movements of single vehicles nor presents specific phenomena that occur on certain intersections it gives an accurate image of the major traffic flows in the urban transportation system, reflects properly global phenomena that occur in the system and reasonably characterizes the behavior of the users of the system. Designing of alternative transportation solutions for an urban transportation system with the application of VISUM is based on constructing a traffic model, adding, eliminating and changing basic components of the transportation system, such as: traffic zones, network nodes and links, routes, traffic control mechanisms and others. Traffic model generated in VISUM is based on activity chains and origin-destination matrix (VISUM Manual Guide, 2000).  

The application of VISUM allows computing a set of measures that characterize and evaluate the proposed transportation solutions. The generated variants of the urban transportation system can be evaluated by such parameters as:  number of vehicle – kilometers, number of passenger – kilometers, travel, riding and waiting times, transportation costs, transferring frequencies and others. 

2.2. The Methodology of Multiple Criteria Decision Making / Aiding 

Multiple criteria decision making/ aiding is a dynamically developing field which aims at giving the decision-maker some tools in order to enable him/her to advance in solving a complex decision problem, where several – often contradictory – points of view must be taken into account (Vincke, 1992). In contrast to the classical techniques of operations research, multicriteria methods do not yield “objectively best” solutions, because it is impossible to generate such solutions which are the best simultaneously, from all points of view.

The methodology of MCDM/A is a set of rules that are applied in the process of solving the so called multiple objective decision problems, i.e. situations in which, having defined a set A of actions and a consistent family of criteria F one wishes to:

· Determine a subset of actions considered to be the best with respect to F (choice problem),
· Divide A into subsets according to some norms (sorting problem),
· Rank actions of A from best to worst (ranking problem).
Based on the research carried out by Zak (2004, 2005) choice and ranking problems constitute the most important categories of the transportation decision problems. 

The MCDM/A methodology clearly identifies the major participants of the decision making/ aiding process, such as: the decision maker (DM), the analyst and the interveners (stakeholders). The process of solving a multiple objective decision problem is based on the application of computerized tools and methods. Those methods are usually classified as follows (Roy, 1990a; Vincke, 1992): 

· methods of the American inspiration, based on the utlity function (e.g. AHP (Saaty, 1980), UTA (Jacquet-Lagreze, Siskos, 1982)),

· methods originated in Europe (France), based on the outranking relation (e.g. ELECTRE III/IV methods (Brans et al, 1984; Roy, 1990b), Promethee I and II (Brans et al, 1984)), Oreste (Pastijn, Leysen, 1989)),

· interactive methods (e.g. GDF (Geoffrion et al, 1972), SWT (Haimes, Hall, 1975), Steuer (Steuer, 1977), STEM (Benayoun et al, 1971), VIG (Korhonen, Laakso, 1986)).

In this paper two most representative multiple objective ranking methods of the European and American school of MCDM/A, i.e. ELECTRE III/IV and AHP are applied to evaluation of the alternative solutions (variants) of the integrated urban transportation system. Their description is presented below.

ELECTRE III/ IV method 

ELECTRE III/IV method belongs to a family of ELECTRE methods, proposed by Roy (1990b) and it is based on the binary outranking relation (Skalka, 1986; Vincke, 1992). In this method, the basic set of data is composed of the following elements: a finite set of variants A, a family of criteria F, and the preferential information submitted by the DM. The preferential information is defined in the form of criteria weights - w and the indifference - q, preference - p and veto - v thresholds (Skalka, 1986). The thresholds define the following intervals of preference between variants on each criterion: indifference (up to q), weak preference (between q and p), (strong) preference (between p and v) and incomparability (beyond v). Variants a and b are considered indifferent if the difference between their evaluations f(a) and f(b) on a specific criterion is so small (smaller than q) that the DM can not make any distinction between variants. Variant a is weakly preferred against variant b if the difference between their evaluations f(a) and f(b) on a specific criterion is noticeable to the DM (between q and p) but he/she is hesitant to prefer one of them. Variant a is strongly preferred against variant b if the difference between their evaluations f(a) and f(b) on a specific criterion is substantial to the DM (between p and v) and he/she is convinced that a is preferred to b. Variants a and b are incomparable if the difference between their evaluations f(a) and f(b) on a specific criterion is so large (larger than v) that the DM can not consider them as comparable objects. 

The outranking relation in the ELECTRE III/IV method is built on the basis of the so called concordance and discordance tests. In the concordance test a concordance matrix, composed of the global concordance indicators C(a, b), is constructed. In the discordance test, a discordance index Dj(a,b) for each criterion j is calculated. The outranking relation indicates the extent to which ”a outranks b” overall. This relation is expressed by the degree of credibility d(a,b), which is equivalent to the global concordance indicator C(a, b) weakened by the discordance indexes Dj(a,b). The values of d(a,b) are from the interval [0,1]. Credibility d(a,b) = 1 if  and only if  the assertion a S b (“a outranks b”) is well founded, d(a,b)= 0 if there is no argument in favor of a S b (not a S b – “a does not outranks b”). The definition of d(a,b) results in the construction of the credibility matrix based on which the method establishes two preliminary rankings (complete preorders) using a classification algorithm (distillation procedure). During this procedure one can obtain a descending and an ascending preorder. In the descending distillation the ranking process starts from the selection of the best variant, which is placed at the top of the ranking. In the ascending distillation the variants are ranked in the inverse order. The final ranking is generated as an intersection of the above mentioned complete preorders. It can be presented either in the form of the ranking matrix or in the form of the outranking graph. The following situations can be distinguished there: indifference (I), preference (P), lack of preference (P-) and incomparability (R).

AHP method

The AHP (Analytic Hierarchy Process) method is a multiple objective ranking procedure, proposed by Saaty (1980), focused on the hierarchical analysis of the decision problem. The method is based on the multiattribute utility theory (Keeney, Raiffa, 1993) and allows to rank a finite set of variants A. Through the definition of the overall objective, evaluation criteria, subcriteria and variants the method constructs the hierarchy of the decision problem.  On each level of the hierarchy, based on the pair-wise comparisons of criteria, subcriteria and variants, the DM’s preferential information is defined in the form of relative weights wr (Saaty, 1980). Each weight represents relative strength of the compared element against another and it is expressed as a number from 1 to 9. All weights have a compensatory character, i.e.: the value characterizing the less important element (1/2, 1/5, 1/9) is the inverse of the value characterizing the more important element in the compared pair (2, 5, 9). 

The algorithm of the AHP method focuses on finding a solution for a, so called, eigenvalue problem (Saaty, 1980) on each level of the hierarchy. As a result a set of vectors containing normalized, absolute values of weights wa for criteria, subcriteria and variants is generated. The sum of the elements of the vector is 1 (100%). The absolute weights wa are aggregated by an additive utility function. The utility of each variant i – Ui is calculated as a sum of products of absolute weights wa on the path in the hierarchy tree (from the overall goal, through criteria and subcritearia) the variant is associated with. The utility Ui represents the contribution of variant i in reaching an overall goal and constitutes its aggregated evaluation that defines its position in the final ranking. 

The important element of the AHP algorithm is the investigation of the consistency level of matrices of relative weights wr on each level of hierarchy. Through the calculation of a, so called, consistency index CI one can measure how consistent is the preferential information given by the DM. If the value of CI is close to 0 the preferential information given by the DM is considered to be almost perfect. The acceptable level of CI is below 0.1

3. CONSTRUCTION OF VARIANTS

As described in section 2 the traffic simulator VISUM has been utilized to generate alternative solutions for the integrated urban transportation system. The Poznan metropolitan area has been divided into sections (zones) constituting the traffic generators. Based on historical data describing the traffic patterns for each zone (historical O-D matrix) and future demographic, social and economical data the demand for transportation services has been forecast. The modal split has been modeled based on historical data, adjusted by the observed tendencies to increase the share of private transportation means and environmentally friendly transportation modes (e.g. bicycle). In the analyzed case the following variants have been designed. 

Variant 0 (V-0), which represents the existing urban transportation system. In this variant the current transportation network and the currently realized transportation processes are taken into account. The system covers an area of 400 sq. km inhabited by a population of 830 000 people. The total number of daily passenger trips in the system amounts to 1,6 mln. 65% of those trips are carried out by private transportation means (including bicycles), while the remaining 35% are covered by public transportation. The modal split of the public transportation system in terms of vehicle – kilometers covered by particular transportation modes is as follows: 62% buses and 38% trams. These numbers correspond to 10500 and 6500 vehicle-kilometers covered every day by trams and buses, respectively. The variant reflects an investment passive transportation policy carried out in Poznan and the current level of both running costs and annual revenues generated by the public transportation system. The total number of bus routes is 56 (650 km), while the total number of tram routes is 17 (100 km). 

Variant 1 (V-1), which is denominated by a bus oriented urban transportation system, embraces renovations and improvements of the road system combined with the extensions of the existing bus transportation system and a certain reduction of the tramway transportation system. It is assumed that the role of buses is crucial in this variant. Many road transportation corridors are modernized and several one - lane urban roads are rebuilt and replaced by two – lane express roads. Those roads are equipped in an adaptive traffic control system and automatically controlled traffic lights (“green waves”). Several flyovers, roundabouts and tunnels are introduced. A 50 km segment of new ring road with total a circumference of 250 km is proposed. The total length of new and renovated roads amounts to 100 km. In some areas new bus routes are introduced, in others they replace selected tram routes. In addition, new arrangements of bus routes in the northern and western part of the city are designed. Bus priority lanes are introduced on major arteries, including airport connection. Three parking lots for private cars (Park & Ride system) are constructed. In variant 1 the daily numbers of vehicle-kilometers carried out by buses and trams are equal to 11500 and 7300, respectively. The total number of bus routes is increased to 62 (670 km) and the total number of tram routes is reduced to 15 (90 km). 

Variant 2 (V-2), called a tram – rail oriented urban transportation system, is focused on the substantial extension and improvement of the tramway system and its integration with the local railway system. This variant envisages the most radical transformation of the existing public transportation system. It is assumed in variant 2 that major traffic flows on the bus routes will be overtaken by the tram and train transportation systems. To this end construction of four new light train routes and their connection with the existing tramway system is suggested. The designed train transit system is based on the light, single carriage railway units, called “TRAMPERS”, which are technically capable to operate both on tram and rail tracks. Four parking lots for private cars (Park & Ride system) at the major railway stations are constructed. In addition, the existing express tram routes are further extended and redesigned, in particular in the northern part of the city. In some areas new tram routes are introduced, in others they replace selected bus routes. Footpaths and underground passages are designed to facilitate access to trams and trains. In this variant the daily numbers of vehicle-kilometers carried out by trains/trams and buses are equal to 10000 and 11000, respectively. The total number of bus routes is reduced to 50 (640 km) and the total number of tram/train routes is increased to 23 (200 km). 

Variant 3 (V-3), called a balanced urban transportation system is characterized by an equilibrium of movements carried out by public and private transportation means as well as a uniform distribution of vehicle – kilometers covered by different modes of the public transportation system. Roughly 55% of passengers’ trips are carried out by private transportation means, while the remaining 45% are covered by public transportation. Seven parking lots for private cars, uniformly distributed along the circumference of the metropolitan area are constructed. In this variant a similar role of two existing transportation modes (trams and buses) is assumed, which is achieved through the extension of the existing tramway system and substantial reduction of the current bus system. The modal split of the public transportation system in terms of vehicle – kilometers covered by particular transportation modes is as follows: 58% buses and 42% trams. These numbers correspond to 11 000 and 8000 vehicle-kilometers covered every day by buses and trams, respectively. The total number of bus routes is reduced to 35 (500 km) and the total number of tram routes is increased to 30 (250 km). The variant is characterized by a limited level of investment. 

Variant 4 (V-4), called the environmentally friendly urban transportation system, is focused on promoting: walking, bicycle riding, reducing short distance trips and shrinking the bus transportation system. In this variant several transportation policy instruments are introduced to reduce the level of pollution in the down town. Those instruments include: substantial extension of the pedestrian area, increase of the parking fees in the down town, eliminating traffic of heavy trucks in the down town, intensive introduction of one way streets. In addition, four parking lots for private cars (Park & Ride system), located at the suburbs near terminal tram stops, are constructed. In 10 suburban locations (including the four mentioned above) bicycle lockers are introduced to facilitate extensive use of bicycles in combination with buses and trams. Moreover, 7 parking lots for private cars near the down town area (Park & Go system) are constructed to eliminate short rides by public transportation. In variant 4 a substantial extension and improvement of the bicycle paths is proposed. The total lengths of new and renovated bicycle paths amount to 125 km. It is assumed that almost 10% of the passengers flows will be overtaken by bicycles.  In variant 4 the daily numbers of vehicle-kilometers carried out by buses and trams are equal to 10000 and 8500, respectively. In addition, 5000 of vehicle-kilometers are covered by bicycles. The total number of bus routes is reduced to 50 (630 km), while the total number of tram routes is increased to 20 (150 km) in this variant.

The existing urban transportation system (variant V-0) with all the above mentioned changes characteristic for variants V-1, V-2, V-3 and V-4 are presented in figure 1.   
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Fig.1. The scheme of the Poznan urban transportation system (variant V-0) with the proposed changes characteristic for variants V-1, V-2, V-3 and V-4.

4. EVALUATION OF VARIANTS

The above characterized variants of the integrated urban transportation system have been evaluated by a consistent family of criteria with an application of ELECTRE III/IV and AHP methods. Two different models of decision makers’ preferences, characteristic for these methods, have been constructed. The results of computational experiments, leading to the final rankings of variants have been presented in this section.

The analysis has been carried out for the city board members who represented the Decision Maker (DM) in the decision making process. They have taken into account the interests of three major groups of stakeholders, i.e. passengers, operator and local communities. A questioner survey (Zak, Thiel, 2001) and interviews have been carried out to define the most rational family of criteria and analyze the expectations, requirements and preferences of  the above mentioned major stakeholders. The authors considered different parameters and characteristics that could be used to evaluate an integrated urban transportation system (see section 1) and analyzed their applicability in a concrete case of the urban transportation system in Poznan. As a result of their research three streams of conclusions have been drawn: 

· on the content of the family of criteria and definitions of particular parameters/ criteria,

· on the importance (weights) of certain parameters/criteria, 

· on the sensitivity of the surveyed population on the changes of the values of certain parameters/ criteria.

4.1. Consistent family of criteria

Based on the above described research results the following parameters have been selected to constitute a consistent family of criteria: 

· Waiting time [minutes] - average time spent by a passenger at the initial stop of his/her travel carried out by a public transportation system, minimized criterion.

· Riding time [minutes] - time required to cover a distance of an average trip in an urban transportation system, minimized criterion.

· Reliability [%] – percentage share of rides carried out according to the predefined timetable in a public transportation system; the definition of this criterion includes cancelled rides (due to various circumstances) and out of schedule rides, maximized criterion.

· Safety [points] – number of points assigned by experts that characterize the level of two categories of safety in the urban transportation system: safety of traffic (road/rail safety) and situational safety; the definition of this criterion includes all components that eliminate threats of traffic accidents (non – collision intersections, ring roads, elimination of rail – road segments) and situational threats, such as: vandalism, hooliganism, rough behavior (monitoring systems, on-board communication), maximized criterion.

· Directness of connections [%] – percentage share of travels carried out without any transfer (direct connection between origin and destination) in the total number of travels in the urban transportation system, maximized criterion.

· Comfort of travel [%] - percentage share of rides carried out in very good conditions (uncrowded and clean vehicles, seats available, good ventilation, appropriate driver’s behavior and appearance) in the total number of rides in the public transportation system, maximized criterion.

· Financial efficiency [%] - quotient of the total income generated by the mass transit system to its total costs, maximized criterion.

· Investment profitability [%] - internal rate of return (IRR) or the interest rate which assures that discounted investments and incomes balance in a certain time horizon (20 years), maximized criterion.

· Environmental friendliness [points] - number of points assigned by experts that characterize the level of environmental friendliness of the urban transportation system; the definition of this criterion takes into account all components that eliminate threats for the environment (pollution, noise) and promote environmentally “clean” transportation means, maximized criterion.

All variants (V-0, V-1, V-2, V-3, V-4) have been evaluated by this family of criteria. In the majority of cases the evaluations have been generated by the traffic simulator VISUM. For selected criteria the expert evaluation has been carried out. The evaluation matrix is presented below.  

Table 1 Evaluation matrix of different variants of the integrated urban transportation system in Poznan, Poland

	Criteria
	Variants

	
	V-0
	V-1
	V-2
	V-3
	V-4

	 Waiting time [min]
	7,25
	6,88
	6,47
	5,50
	6,67

	 Riding time [min]
	25,75
	25,17
	23,83
	24,20
	24,37

	 Reliability [%]
	86
	87
	88
	92
	88

	 Safety [pts]
	6,26
	8,09
	7,03
	7,83
	5,75

	 Directness of connections [%]
	57
	56
	55
	56
	58

	 Comfort of travel [%]
	93
	74
	87
	96
	85

	 Financial efficiency [%]
	77,1
	79,6
	82,5
	70,2
	80,3

	 Investment profitability [%]
	0
	3
	7
	12
	4

	 Environmental friendliness [pts]
	6
	6,2
	8,2
	7,1
	8,7


4.2. Modeling of the DM’s preferences

Based on the questioner survey and interviews the preferences of the DM have been recognized and then transferred into two models of preference characteristic for the ELECTRE III/ IV and AHP methods. As described in section 2.2 the ELECTRE III/IV method utilizes a preference model based on weights of criteria – w and thresholds q, p and v. Those thresholds represent the sensitivity of the DM to the changes of the criteria values. All four values – w, q, p and v are defined separately for each criterion. The model of the DM’s preferences characteristic for the ELECTRE III/IV method is presented in table 2. 

Table 2. The model of the DM’s preferences characteristic for the ELECTRE III/IV method. 

	Criteria
	Direction of preference
	q
	p
	v
	w

	  Waiting time [min]
	MIN
	1,5
	3
	6
	8,25

	  Riding time [min]
	MIN
	1,5
	5
	15
	7,00

	  Reliability [%]
	MAX
	1
	3
	15
	9,00

	  Safety [pts]
	MAX
	0,5
	1,5
	4
	7,50

	  Directness of connections [%]
	MAX
	1
	3
	20
	6,00

	  Comfort of travel [%]
	MAX
	1
	3
	15
	6,50

	  Financial efficiency [%]
	MAX
	1
	4
	20
	6,25

	  Investment profitability [%]
	MAX
	1
	3
	10
	6,75

	  Environmental friendliness [pts]
	MAX
	0,5
	1,5
	4
	7,25


In the AHP method the model of the DM’s preferences is based on the relative weights wr representing the strengths of particular elements in the pair-wise comparison of criteria and variants. As described in section 2.2 the relative weights wr are defined as numbers from 1 to 9 and their inverses.  In the analyzed case this comparison is carried out for criteria (fig.2) and for variants (each variant evaluated on to each criterion). In figure 3 the pair-wise comparison of variants is presented for criterion “Investment profitability”. 
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Fig. 2 The model of the DM’s preferences characteristic for the AHP method; comparison of criteria 
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Fig. 3 The model of the DM’s preferences characteristic for the AHP method; comparison of variants for criterion “Investment profitability”

To check the consistency of the preferential information provided by the DM consistency indexes CI for each level of hierarchy (for criteria and for variants evaluated on each criterion) have been calculated. The values of CI ranged from 0 to 0.024, which meant that the preferential information had been accurately defined. 

As one can see (table 2 and figures 2 and 3) the importance of criteria is expressed differently in ELECTRE III/IV and AHP methods. Despite those methodological differences the final classification of criteria is similar.  Both methods reflect properly the preferences of the DM, classifying the following criteria as the most important: reliability, waiting time and safety. 

As far as comparison of variants on each criterion is concerned a similarity of preferences is less obvious. However, the authors made an effort to properly reflect the relationship between thresholds q, p, v (in ELECTRE III/IV) and relative weights wr (in AHP). As an example of the applied reasoning the comparison of variants on criterion “Investment profitability” is presented (see tables 1, 2 and fig.3). Based on the data presented in tables 1 and 2 one can conclude for instance that variant V-3 is (strongly) preferred against variant V-1 on this criterion, according to the model of preferences characteristic for the ELECTRE III/IV method. The difference between evaluations of variants on this criterion (equal to 9%) falls beyond the preference threshold p (3%) and below the veto threshold v (10%). This pattern of preference is represented by a relative weight wr= 3 in the AHP method, which corresponds to the “noticeable preference” of one element against another (Saaty, 1980). The application of the above described reasoning for all variants evaluated by all criteria resulted in a close similarity of expressing the DM’s preferences in both methods.   

4.3 Computational experiments  

The computational experiments have been carried out with the application of the computer implementations of the ELECTRE III/IV and AHP methods. In the first case (ELECTRE III/IV) the final ranking has been generated based on the calculation of the outranking relation, while in the second experiment (AHP) based on the computation of the utility function of each variant.

The outranking relation is computed by the ELECTRE III/IV method algorithm in a step-wise process. In the first step the concordance matrix is generated. It contains global concordance indicators C(a,b)   that express the extent to which the scores of a and b on all criteria are in concordance with the proposition “a outranks b”.  In the analyzed case (see fig.4.) the chances that, for instance, variant V-1 outranks variant V-2 are lower (C(a,b) = 0.62) that chances associated with the inverse order, i.e. V-2 outranks V-1 (C(a,b) = 0.93).

After having constructed the concordance matrix the procedure computes discordance indexes on specific criteria and then constructs the outranking relation, which indicates the extent to which  “a outranks b” overall. This relation is expressed by the degree of credibility d(a,b) , included in the credibility matrix  (fig.4).

Based on the credibility matrix the method establishes two preliminary rankings (complete preorders) using a classification algorithm (distillation procedure). The results of the descending and ascending distillations are presented in figure 5. The final ranking is the intersection of the above mentioned preorders. It can be presented both in the numerical form (ranking matrix – see fig. 4) or in the graphical form (outranking graph – see fig. 5.). As one can see four alternative relationships can be distinguished as a final result of the ELECTRE III/IV procedure: indifference (I), preference (P), lack of preference (P-) and incomparability (R). Those relationships correspond to the positions of variants in the final ranking. The best solution (variant V-3) is preferred against all the remaining variants (relation P in the ranking matrix) and placed at the top of the final graph. Variant V-0 and V-1 are incomparable (relation R in the ranking matrix), which corresponds to the lack of connection between variants in the final graph. In case of indifference between variants (relation I in the ranking matrix), which does not take place in this experiment, indifferent variants are placed in the same box in the final ranking.
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Fig.4. Numerical results of computational experiments carried out by the ELECTRE III/IV method (Credibility Matrix, Concordance Matrix and Ranking Matrix).
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Fig. 5. Graphical results of computational experiments carried out by the ELECTRE III/IV method (Descending Distillation, Ascending Distillation and Final Graph)

In the experiment carried out with the application of the AHP method a set of vectors containing normalized, absolute values of weights wa for criteria and variants has been generated. The results of these computations for criteria and for variants are presented in figures 2 and 3, respectively. In the right hand side of each figure the ranking of criteria and variants is placed in the form of the above mentioned vectors. The sum of the elements of the vector is 1 (100%). The strength of each element is represented by the value of its absolute weight wa. In case of the analyzed criteria (fig.2) the most important elements are characterized by the following values of absolute weights wa : reliability – 28.27%, waiting time – 18.86% and safety – 10.94%.  In case of variants, the most preferred element on criterion “Investment profitability” is variant V-3 with its absolute weight wa=43.43% and the least preferred is variant V-0 characterized by an absolute weight wa=7.73%. 

In the next step of the AHP method computational procedure the absolute weights wa are aggregated by an additive utility function and the utility of each variant i – Ui is calculated.  The utility Ui defines the position of each variant in the final ranking, which is presented in figure 6.
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Fig.6. Final ranking of variants generated by the AHP method

5. SUMMARY AND CONCLUSIONS 

The paper presents the application of the traffic simulation and MCDM/A tools to planning and designing of the urban transportation system. Five alternative variants of the integrated urban transportation system for a medium sized metropolitan area are generated by the macro traffic simulator VISUM and then evaluated by a consistent family of criteria with the application of two most representative multiple criteria ranking methods: ELECTRE III/IV and AHP.

The proposed methodology has a universal character and can be applied by city planners, traffic engineers and municipal authorities in strategic planning of urban transportation systems and comprehensive evaluation of different transportation projects. The major components of this methodology are as follows: 

1. Evaluation of the current status/existing urban transportation system (SWOT analysis) combined with the analysis of the stakeholders’ expectations with respect to the system,

2. Generation of different variants of the urban transportation system (alternative transportation solutions) with the application of the traffic simulation software, 

3. Definition of the consistent family of criteria that assures a comprehensive and reliable evaluation of variants,

4. Construction of the DM’s model of preferences,

5. Selection of the most appropriate multiple criteria decision-aiding tools that can support the DM  in ranking the variants,

6. Performing computational experiments and analyzing their results, leading to the  selection of the most satisfactory variant of the urban transportation system. 

It has been proved by this research that two alternative MCDM/A tools, i.e. ELECTRE III/IV and AHP can be used to the evaluation of the urban transportation systems. The appropriate modeling of the DM’s preferences carried out in both methods has resulted in generating very similar final rankings of variants. The ELECTRE III/IV is more suitable for such situations in which the DM is interested only in the position of the variants in the final ranking while the AHP method is more applicable when the definition of distance between variants in the ranking (measured by utilities) is required. ELECTRE III/IV method allows for enrichment of the traditional model of global preferences by introducing the incomparability between variants. The AHP method takes into account two situations only – indifference and preference. 

 From the practical point of view the results of this project can be summarized as follows:

· Variant V-3 ( balanced urban transportation system) as a leader in the final rankings generated by both methods is the most desired solution; it is followed by variants V-2 (tram-rail oriented urban transportation system) and V-4 (environmentally friendly urban transportation system),

· Variant V-3 is featured by high quality of service (waiting time, reliability and comfort of travel) resulting in a relatively low level of financial efficiency; at the same time it is characterized by very high investment profitability; it is classified the best on the two most important criteria,  

· It is obvious that the existing urban transportation system (variant V-0) has serious weaknesses that should be eliminated; this variant has been neglected by both methods as the bottom level solution for an integrated urban transportation system,

· Based on the preferences of the stakeholders one may conclude that bus oriented system is not the most desired and recommended solution for the urban transportation system. 
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