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1. Introduction

This study discusses the decision support system designed by
the authors for inner city public transportation for Ankara munic-
ipality (in Turkey) in 2010. In Turkey, the municipalities are respon-
sible for certain services to the residents, one of which is the public
transportation. The decisions taken by the municipalities regarding
public transportation are at the strategic (intermodal transporta-
tion network design, determining the fleet size), tactical (allocation
of vehicles to counties, constructing the routes) and operational
levels (pick-ups and deliveries, maintenance). Public transporta-
tion service is provided in several modes, such as bus, metro, com-
muter rail, and private public transportation vehicles. As of 2009,
33% of all the passengers are transported by buses of the munici-
pality. The city of Ankara is divided into five regions considering
the geographical and demand characteristics (high or low private
car ownership, inner-region demand, etc.) of the districts. Our focus
in the study is on Region-5. In this region, transportation service
is provided either through buses or commuter rail (with a single
line). The scope of the study is redesigning the part of the public
transportation service that is provided by buses in Region-5. The
scope involves fleet allocation to departure points, designing the
routes, and determining the departure times and frequency of the
departures. 

There is a large body of work in the literature that addresses the
public transit network design and scheduling. [1] makes a com-
prehensive review and a classification of the studies. Accordingly,
studies on public transportation system design address problems
in (i) transit network design, (ii) frequency setting, and (iii) timetabling.

[2] also consider deadhead timing, and driver scheduling as com-
ponents of the whole process. In the literature, the studies either
address each of these problems independently, or in combinations.
Ideally, a systemic view should be taken and all three problems
must be addressed together, however the complexity and difficulty
of the problem makes this impossible. Actually, even the individual
problems are mostly NP-hard and are difficult to deal with. Fur-
thermore, there are authors such as [3] that claim these problems
must be addressed independently, since for instance, the network
design is a strategic level decision whereas timetabling is an oper-
ational level decision. In our study, we jointly address the transit
network design (i.e., node and route construction) and frequency
setting problems. We do not address the timetabling or driver sched-
uling problem. In the literature the studies that address these two
problems jointly, either take a mathematical approach by formu-
lating the problem as a mixed integer problem or take heuristic
approaches such as neighborhood search heuristics, simulated
annealing or evolutionary algorithms. Objectives might vary from
providing short travel times to passengers, to minimizing cost, or
to demand fulfillment. See the references in [1]. In our study, we
formulate the problem as a mixed integer program with the objec-
tive of maximizing net revenues. 

In this study, firstly, the problem symptoms of the current
system are analyzed and the causes of these symptoms are identi-
fied. The major problem symptom is the budget deficit, which indi-
cates possibly low percentage of satisfied demand (which leads to
low revenues) and possibly long routes (which leads to high trans-
portation cost and low service levels). After the causes of the
problems are identified, the necessary steps towards alleviating
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them are taken. These steps lead to redesign of the public bus trans-
portation system in Region-5. The resulting improvements are eval-
uated through comparison of performance measures.

2. Analysis of the system

The region studied has certain characteristics. The location of
the districts within the region is relatively far from the city center.
Therefore the region has a “dormitory” type demand for transporta-
tion service, in that the demand generated within the region is quite
small with respect to the demand generated outside the region (to
the city center). Furthermore, the residents transport-out in the
early morning hours and transport-in in the evening hours. Finally,
due to long transportation distance to the city center the percent-
age of residents that prefer public transportation to private driving
is high. The socio-economic profile of the residents hints that the
cheapest transportation mode (which is bus transportation among
the alternative modes) is highly preferred and the demand is elastic
to price. This means, if the bus transportation service by munici-
pality is timely and adequate there is a significant potential in
terms of demand satisfaction.

Currently the buses operate between 6.00 – 23.00 (17 hours �
1020 minutes). There exist 5 departure points in Region-5 and
departing buses arrive at 3 major destination points in the city
center. The routes that span these departure and destination points
cover 80% of the demand. Our study focuses on these routes. In
the following, we present the problem symptoms in the current
transportation system.

2.1 Capacity utilization

The capacity of the buses cannot be efficiently utilized due to
characteristics of the demand during the day. There exist two peak-
hours (in the morning and in the evening), during which the number
of passengers exceeds the bus capacity. In the day time (when the
demand is low), the utilization of the buses is low. Low utilization
is also partly due to the requirement that certain departure fre-
quencies must be ensured. For example, headways, i.e., the time
between two consecutive trips should not exceed 30–40 minutes,
or otherwise service would be regarded as very low. When capac-
ity utilization of the buses for a certain route is examined, it is
observed that the utilization rate may top 140% and might be as
low as 50%. It is also seen that capacity usage highly fluctuates
over time. The average number of overloaded trips in the morning
peak hours (6am-9am) corresponds to 42.7% of total overloaded
trips per day. Similarly, in the evening hours (4pm-7pm) 37.3% of
the buses are overloaded. The correlation coefficient for “number
of overloaded buses” in a given half-hour interval and “total
number of passengers traveled” in that half-hour interval is calcu-
lated as 0.956. This is an indicator that the allocation of the
buses to the routes over time is not responsive to fluctuations in
demand.

2.2. Capacity allocation over the routes

Capacity usage not only fluctuates over time, but also over the
routes (the lines). The analysis shows that if the number of passen-
gers traveling on a route is high, then the number of overloaded
buses on that route is also high. The densest routes are the ones
that carry the passengers from the residential areas to the city center.
Daily line frequencies for those routes might be well over 100. For
the least dense lines, the daily frequencies are 1 or 2. The high
number of overloaded buses in the densest lines is an indicator
that capacity is not allocated to the routes appropriately.

2.3. Deviations from the ring duration

It is observed that on some of the lines, deviations (in minutes)
occur from the scheduled ring durations. When these deviations
are analyzed, the root causes are identified as the long route length
(to the city center), excessive number of stops along the routes,
and high demand the routes face. The analysis shows that all of
these variables are highly correlated. When redesigning the routes,
and frequency of the lines, the route length, number of stops, and
the capacity of the line must be taken into consideration so as to
eliminate the potential causes of the deviations.

2.4. Fleet utilization

We have also conducted qualitative analysis through interviews
with the passengers, community, drivers and people responsible at
the municipality. The general belief is that the fleet size is not suf-
ficient to serve the area, and the main symptoms are indicated as
high unsatisfied demand, and over-utilization of buses in peak-hours.
However, when the number of passengers transported during the
peak hours is contrasted with the total active capacity (on the
average 90% of the fleet is active, while the 10% is under mainte-
nance), it is seen that the utilization in the morning peak hours is
around 85%. This indicates a need for better allocation of resources
and proper bus schedules.

3. Solution approach

The problem symptoms indicated that there is a need for better
allocation of resources. This problem involves three major decisions,
constructing the routes, locating the bus stops, and determining the
line frequencies, and dispatch times considering the demand and
available fleet capacity. The objective is to maximize the total oper-
ating net revenue (revenue from tickets minus all operating cost).
We first formulate the problem as a mathematical programming
model. However, a mathematical programming model that addresses
all three decisions would be large in size, and be non-linear. Thus,
we decompose the problem into three (which lead to a heuristic
approach): we first determined the bus stops, then generated the
routes considering the demand and existing routes, and finally
through a mixed integer programming model selected the least
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costly routes to meet demand and determined the line frequen-
cies.

3.1. Preparing the input to the model

When constructing the stops and the routes, the road network
and the demand must be taken into consideration. The demand for
the routes was not readily available as data. The reason is not all
records on all buses and lines were kept properly. Consequently,
we worked on constructing the demand nodes on the network. In
the model, demand nodes correspond to potential bus stops. Accord-
ing to the specifications of public transportation, each bus stop
must be within at most 400–500 m walking distance of the resi-
dential locations. Furthermore, the bus stops must be easily acces-
sible by residents and located on the roads. If a certain area is
highly populated, then several stops might be necessary. 

After deciding on where the nodes (stops) should be, the
demand is generated and assigned to the nodes. For this the fol-
lowing procedure is adopted. The current population of the districts
within the region is available. Also how the demand is distributed
within the region is available (to the detail level that shows the
number of floors in the apartments and the locations). Considering
the homogeneity or heterogeneity of the population within a dis-
trict, the population is fractioned and assigned to the nodes that
span the district. However, the population value is not used in the
raw form as the demand for transportation service. There is a pro-
portion of the population that makes trips in a day, and a certain
portion of these uses public transportation. This provides us with
a “trip generation coefficient”. These coefficients are available for
origin-destination pairs within Region-5. However, the latest coef-
ficient figures (which are obtained through household surveys) are
due to 1992. Those figures are used by extrapolating to year 2010.
The demand figures obtained are used for modeling week-day
demand. The demand is disaggregated into hours using the sample
values for the districts. Figure 1 shows how demand is disaggre-
gated for one of the routes. Each value shows the proportion of
demand that occurs in one-hour intervals. Note these proportion
values add up to 1. Since demand in this region is “dormitory type”,

it is assumed that all demand is to the 3 destination points (in the
city center), and demand to other destinations en-route is negligi-
ble. Furthermore, since the route is a round-trip and symmetric,
and all passengers get off at the destination in the morning hours
and get on at the destination in the evening hours, the two-way
demand is aggregated to reflect the demand to the route. This is
an approximation to simplify the mathematical model.

For constructing the routes, the departure points of the current
transportation system were used as they are. The destination points
are already few and well established. Therefore the routes are con-
structed considering the existing departure points and destinations.
All routes are in the form of round-trips. Furthermore, the concerns
of the municipality were taken into consideration. For instance,
a route should be as straight and short as possible, in that the dis-
tance of a route is at most 120% of the distance that can be trav-
eled over in same time period. A round trip of a route should be
completed in at most two hours. In Fig. 2 we show part of a route
that covers the major portion of the residential areas. The remain-
ing part (which is not shown) follows a highway directly to the
destinations.

3.2. The mathematical model

We formulate a mathematical model specifically designed for
this problem. The mathematical model takes a set of candidate
routes, the stops on these routes, the demand generated at these
stops and the destination points as input. It gives the best routes,
the corresponding line frequencies and dispatch times as outputs.
We first introduce the notation for the mathematical model in
Table 1.

Max (ef) ∑i,n,aXina � (cng∑i,t 2ciYi1t � cg∑i,t,b	1ciYibt) �

� ((dr)s � cm)∑o,b Fob (1)
Fig. 1 The demand is disaggregated into one-hour time intervals. The

hourly demand for the node-destination pairs (and vice versa) is
inferred from the total demand for each of the routes

Fig. 2 The route formed by the nodes 40, 42, 29, 30, 33, 36 and 60
(map taken from Google Earth and Basarsoft). In the map, the nodes

16–20–24–25–60 is on the major highway that leads 
to the destination points 
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subject to

∑i�I(d)�I(n) Xina � Ddna 
n, d, a (2)

∑n�N(t) Xina � ∑b(Kb∑t�T(a)Yibt)    
i, a (3)

Aob(t�1) � Aobt � ∑i�I(0)Yibt � ∑i�I(0)Yib(t�comp(i))


o, b, t (4)

Aob1 � Fob 
o, b (5)

∑b�BYibt � 1     
i, t (6)

∑i�I(o)Yibt � Aobt 
o, b, t (7)

∑o Fob � Nb 
b (8)

Xina � , 0, Yibt�{0, 1}, Aobt , Fob � Z� (9)

In the model, the objective function in equation (1) is the sum
of energy (gas or gasoline) cost, driver salaries, and the bus main-
tenance cost subtracted from the total revenue generated. The
constraint in equation (2) ensures that demand satisfied by the
selected routes and dispatch frequencies does not exceed the
demand generated by each node for a certain destination at any
given time interval, (3) ensures the satisfied demand does not
exceed the capacity of a route in a time interval, (4) ensures the
flow balance of the buses throughout the time intervals. Constraint
(5) ensures available buses depart from the origin nodes at the
beginning of the day. At any point a single bus departs from an
origin node is ensured by (6). And remaining constraints ensure
that available buses are allocated to the routes at any given point
and total number of buses allocated does not exceed the fleet size.
The objective function denotes the net profit obtained from rev-
enues from the ticket and the cost of operating the fleet. The cost
includes driver cost, maintenance cost, gasoline and natural gas
consumption cost incurred in proportion to the length of the
routes.

There are a total of 88,842 non-zero, 716,040 binary, and 45,945
integer variables. The number of constraints is 222,012. We used
CPLEX 11.2.1 as the solver and used GAMS 23.0.2 as the mod-
elling software. The optimal integer solution is found in 1190 secs.

4. Results

The model gives outputs such as fleet size at each departure
point, trip schedules, which type of buses to serve which routes,

Indices and sets

i: candidate routes, i � I � {1, 2, …, 78}

n: Nodes (stops), n � N � {1, 2, …, 67}

o: origin (departure) nodes, o � O � {1, 2, 3, 4, 5}

d: destination nodes, d � D � {1, 2, 3}

N(i): set of nodes on route i

I(o): set of routes originated from o, 

I(d): set of routes destined to d,

I(n): set of routes that go through node n

a: hourly time intervals, a � A � {1, …, 17}.

a � 1 denotes the interval of 6am – 6:59am. 

b: types of buses, b � B � {1, … ,9}.

t: discrete time points for a work day (in minutes),
t � T � {1, …, 1020}.

T(a): set of time points in time interval a

Scalars

cng : cost of gas per km

cg : cost of gasoline per km

disc: % of passengers using discounted fare

df: fare for discounted pass

rf: fare for regular pass

ef: expected fare per demand: (df)disc � rf(1 � disc)

s: daily salary 

dr: average number of drivers per bus

cm: cost of maintenance per bus\

Parameters

pda: fraction of total daily demand for destination d realized in time
interval a

Ddn: total daily demand for destination d at node n

Ddna: (pda)Ddn, demand generated at node n in time interval a for des-
tination d

Kb: capacity of type b bus

Nb: the number of type b buses in the fleet

N: the number of all buses

ci: length of route i (one-way)

ti: completion time of route i

Decision variables

Xina: passenger demand of node n to be transported on route i � I(n),
in time interval a, Xina � 0.

Yibt: 1 if there is a departure of type b bus at time t for route i, 
Yibt � {0,1}

Aobt: number of type b buses available at origin o, at the beginning of
time t, Aobt � Z�

Fob: the number of type b buses assigned to origin o, Fob � Z�

Notation for the mixed integer programming model Table 1
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total distance traveled, energy consumption figures, amount of
unsatisfied demand, coverage ratio, and utilization rates. Compari-
son of those performance measures with the measures of the current
system (in Table 2) indicates that there exist potential for improve-
ment.

We observe that the solution proposes an increase in the
number of routes, whereas a decrease in the number of dispatches,
compared to the current practice. Currently the routes are exces-
sively long, and this results in poor performance, especially at the
peak hours. By decreasing the length of the routes we aim to
achieve an increased customer satisfaction (although we cannot
measure it directly). Since the route lengths are lower, to provide
adequate coverage the number of routes increases. The decrease
in the number of dispatches is due to effectively allocating the dis-
patches to time intervals, and the routes to the nodes. This results
in an increase in satisfied demand, and thus in the revenue gener-
ated, while a decrease in the fuel costs.

When we analyze the routes that are selected, we observe that
69 out of 78 potential routes are picked by the model. The eliminated
routes are the longest ones. Actually, the longest routes could be
the ones that potentially generate the highest revenues if there is
sufficient demand. So if a high capacity bus can be assigned to
those routes, the model does so. However, since the fleet size is
limited, some of the routes have to be eliminated, and those are
the ones that generate low demand per unit length. In the solution,
mostly each area is covered by several lines (routes) where the
lines differ only by their destination. Since the demand is of dormi-
tory type, even if the destinations differ, the majority of the routes
are the same in terms of the nodes covered. In several of the elim-
inated routes, an area is covered at least by one line. There is only
one area which is not covered at all. In the model, placing a lower
bound on demand satisfied for each node-destination pair might
lead to a fairer service provision. Furthermore, the proposed solu-

tion gives a positive value as the objective function value. If the
optimal solution yielded a negative value, the model would suggest
that the transportation service shouldn’t be provided. This is not
a viable option for the municipality, and placing a lower bound on
satisfied demand would avoid such complications as well.

5. Conclusions

In this study, we addressed the public bus transportation service
problem faced by the Municipality of Ankara in Turkey. This
project is conducted as a part of the senior level Systems Design
course in Middle East Technical University, Department of Indus-
trial Engineering in the 2009–2010 academic year. The problem
symptoms indicated that there are inefficiencies in the allocation
of the resources. To alleviate the inefficiencies, redesign of the public
bus transportation service were undertaken. The data requirements
of the project were overwhelming, while the availability of data
was very low. Due to limitations on data, the scope of the problem
were narrowed, some simplifying assumptions and approximations
were made. The problem is stated as the selection of routes and
deciding on the dispatch frequencies at each line as well as the dis-
patch times, with the objective of maximizing net revenues. A mixed
integer programming model is formulated to address the problem.
The results of the model are contrasted with the current practice
based on some key performance measures. 

The results show that taking a systemic approach through oper-
ations research has potential to lead to a better system. However,
there is still much work to do to improve the whole transportation
system in Ankara. First of all, there should be a systematic approach
to keep track of demand information for each origin, node and
destination. Currently, it is possible to only record the time to get
on the bus, and for the route that the bus serves. Obviously, there
is a need to that the transportation system provides much richer
information. The passengers can be informed dynamically through
smart bus stops, and/or smart phones on the whereabouts of the
vehicles. Through vehicle tracking system the time spent on each
stop and on the route could be measured and even the traffic signals
can be designed accordingly. Those steps are slowly taken by the
municipality nowadays.

Secondly, the capacity of the buses must be more flexible.
Increasing the number of buses is not a good alternative due to the
rigid and large capacity of the buses. Thirdly, the proportion of
public transportation is around 60%, and 33% of that is due to bus
transportation. This ratio is low for a large metropolis like Ankara.
Low public transportation service utilization results in increased
traffic problems, which in turn affects the quality of public trans-
portation. To improve the overall transportation system in the city,
the attraction points must be planned carefully considering the
potential demand points and the accessibility. The underground
metro system must be constructed to span a larger portion of the city,
and the current underground usage ratio of 5% must be increased. 

Comparison of the performance measures Table 2 
under the current and the proposed system

Number of Routes 26 69

Number of Dispatches 1607 999

Number of Buses 398 164

Number of Passengers Transported 45123 97987

Average Length of Routes (km) 65.23 29.32

Number of Drivers 795 378

Revenue (Turkish Lira) 153104 159530

Fuel Costs (Turkish Lira) 73988 58913

Driver and Maintenance Costs (TL) 148362 26843

Profits without fixed costs (TL) -69246 73473
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