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Abstract: A significant part of highway and street congestion is
produced by work zones. Depending on the type of construction
and/or rehabilitation activity, street capacity could be significantly
decreased, or the street could be completely closed. The work zone
generates traffic delays in the street where maintenance is
performed. Additionally, the work zone generates additional traffic on
the neighboring streets, since many drivers change their routes.
There are numerous possible work zone schedules. The total travel
time of all network users highly depends on the chosen work zones
schedule. Work zones scheduling problem has a natural nested
structure that requires to be modeled as a bi-level problem. We
considered the bi-level work zones scheduling problem. The objective
function in the upper level, which we try to minimize, represents the
total travel time of all network users. Relations in the lower level,
help us to compute User Equilibrium flows. The proposed solution to
the problem is based on the combination of Integer Programming and
a heuristic traffic assignment algorithm. The output of the developed
model consists of the start time of each work zone. The Sioux Falls
benchmark network is used to illustrate the proposed procedures and
the achieved performances.

Keywords: Work Zones, Traffic Assignment, Combinatorial
Optimization, Incremental algorithm

JEL classification: .91, R0OO
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1. Introduction

Traffic congestion has been a serious problem in many cities in the world. The
citizens of many big cities, now, waste between 30 and 60 minutes when
commuting to work. Increasing road network capacities to satisfy growing travel
demand is environmentally damaging and enormously costly. City planners and
traffic engineers have initiated different demand management strategies in an
attempt to lighten the increasing traffic congestion (park-and-ride, high occupancy
vehicle lanes (HOV), high occupancy toll lanes (HOT), congestion pricing, etc.).

A significant part of highway and street congestion is produced by work zones.
According to Kim et al. (2008), nearly one-quarter of all nonrecurring congestion
on freeways in the US was caused by various work zone activities. The aging
highway and street infrastructure in many cities raise the number of construction
and/or rehabilitation work zones. Some streets are milled and overlaid. City
Authorities also perform various activities to keep in good conditions drinking
water and sanitation services in. In some cases, authorities perform a complete
reconstruction of the street. This reconstruction could consist of subgrade repair,
new asphalt pavement, and new curbs and gutters. There is also a constant need for
the repair and maintenance of networks of gas, sewer, water, and electricity
services. Depending on the type of construction and/or rehabilitation activity, street
capacity could be significantly decreased, or the street could be completely closed.
Various activities at work zones disturb traffic flows. Additionally, they
significantly decrease safety for drivers, pedestrians, and work-zone workers. Work
zone also generates traffic delay in the street where maintenance is performed.
Additionally, the work zone generates additional traffic on the neighboring streets,
and many other streets, since many drivers change their routes. In other words,
work zones have network-wide traffic impacts by increasing travel times, level of
traffic congestion, and the number of traffic accidents. In larger cities, there is
usually a great number of work zones in different locations.

The majority of the available work-zones software packages primarily evaluate
queuing delays at the local work-zone construction streets. In other words, these
packages estimate work zones’ impact on the streets in the neighborhood. We do
believe that work zones gave a much broader impact on traffic conditions. To
minimize the negative impacts of work zones, traffic authorities should coordinate
work zone activities. The coordination could be performed within a specific
corridor, urban traffic network, or wider region. In this paper, we study the work
zone scheduling problem. Work zones could be scheduled to start at the same time,
or at various times. They could overlap (in time), less or more. There are numerous
possible work zone schedules. Network users become relatively fast and well-
informed with the new network topology caused by the specific work zone
schedule. Consequently, they search for the most convenient routes through the
network, creating user equilibrium traffic conditions in the network. In other
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words, every considered work zone schedule generates a new network
configuration and corresponding user equilibrium traffic conditions. The total
travel time of all network users highly depends on the chosen work zones schedule.
The primary objective of this paper is to propose a new methodology that
facilitates city authorities to schedule several work zone activities in a way that
minimizes network users’ disruptions. In this paper, we look for the work zone
schedule that minimizes the total travel time of all users, caused by work zones.
We formulate the work zones scheduling problem as a bi-level program.

In years to come, city authorities and transportation planners will face the work
zone scheduling problem more. In addition to better-scheduled construction and/or
rehabilitation activities, traffic authorities will be also forced to provide better
traffic management plans. Successfully planned and implemented work zone
scheduling can result in a minimal decrease in the total travel time of network
users, as well as a minimal decrease in the total number of traffic accidents.

The following are contributions of this paper: (a) we offered the mathematical
formulation of the work zones scheduling problem; (b) we treated formulated
problem as a bi-level program; (c¢) we solved the considered problem by the
combination of CPLEX and the incremental algorithm for traffic assignment; (d)
we tested proposed approach on the Sioux Falls benchmark network.

This paper is organized as follows. Section 2 contains a literature brief review.
A statement of the problem is given in Section 3. The proposed solution to the
problem is described in Section 4. Section 5 contains experimental evaluation.
Conclusions and recommendations for future research are given in Section 6.

2. Literature review

Many authors studied the work zone scheduling problem in the last few decades.
We offer a very brief review of the research done.

Wei and Schonfeld (1993, 1994) developed a multi-period network design
problem model for the dynamic investment problem. The authors proposed the
branch-and-bound algorithm to determine the best project combinations and
schedules. Additionally, an artificial neural network model was used to estimate
multi-period user costs.

Chien et al. (2002) analyzed work zones on two-lane two-way highways. The
authors proposed a numerical method to optimize work-zone scheduling and traffic
control in cases when one lane at a time is closed. The objective function that was
minimized represented the total costs (maintenance, labor/equipment idle, and
user-delay costs).

Lee (2009) proposed a work zone scheduling model based on the combination
of simulation and Ant Colony Optimization (ACO). In the proposed model, traffic



4 Teodorovié, Nikoli¢ / Economic Themes, 61(1): 1-18

delay caused by work zones is estimated by a simulation technique. The near-
optimal work zone schedule is generated by the ACO technique. The developed
model is applied to schedule a sewer system construction project in a city. Lee
(2009) showed that the developed model generates 11.1% lower traffic delay that
the project planner.

Hong Zheng et al. (2014) proposed the neighborhood search algorithm to solve
the work-zone sequencing problem. The authors also proposed a method to
estimate network-wide traffic delay. They did not perform User Equilibrium runs
in the whole traffic network. In order to estimate traffic delays caused by work
zones, the authors analyzed the drivers’ rerouting among a set of alternative routes.
They applied a k-shortest path algorithm to identify a set of alternative routes for
each work zone link. The proposed approach was tested in a case study on a real-
world Guam network.

Chien and Tang (2014) considered highway work zone scheduling problem.
They developed a model that optimizes work zone lengths and schedules. The
objective function, for a road maintenance project that they considered, consisted
of the cost of maintenance, cost of stopping maintenance work road user cost,
delay cost, vehicle operating cost, and accident cost. The search for the optimal
solution is based on a Genetic Algorithm.

Pilvar (2015) formulated the street works optimization problem as a bi-level
optimization programming problem. The higher level problem is associated with
minimizing the cost of traffic delays, and the cost of performing street works. By a
secondary objective function, Pilvar (2015) tried to capture the non-monetized
disruptive effects of work zones (“accessibility degradation”, “connectivity
degradation”, etc.)

Bhutani et al. (2016) studied the impact of mass rapid transit system
construction work zones on the traffic environment. The authors studied the traffic
flow characteristics, and fuel consumption at the work zone location. They also
estimated economic loss due to the increased fuel consumption and loss of travel
time in a work zone. The analysis is performed based on VisSim software.

Du et al. (2017) developed a hybrid machine-learning model to predict traffic
delays within the work zone. The hybrid model is based on an artificial neural
network (ANN) and a support vector machine (SVM). The proposed model
predicts delays subject to road geometry, number of lane closures, and work zone
duration.

There are also many work-zone software packages (for example, QuickZone
(Federal Highway Administration, 2004)). These packages primarily estimate
traffic delays on work-zone streets.
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3. Statement of the problem

We assume in this paper that we know in advance the total number of activities to
be performed (reconstruction, repair, rehabilitation, ...), as well as the duration of
each activity. We do not analyze in this paper unplanned activities caused by
hurricanes, earthquakes, floods, etc. In some cases, we can perform the planned
construction and/or rehabilitation activity if we close the street completely. In some
other cases, it is possible, for example, to close only one traffic lane, and perform
work in other lanes later, during some other time periods, etc.

Every planned work zone is characterized by the following: (a) link on which
construction and/or rehabilitation activities happen; (b) planned activity duration;
(c) decrease in link capacity (link closure is represented by the degradation in link
capacity that is equal to 100%). We assume that all planned activities must start
and finish within the given time period T (Figure 1). The figure shows one possible
Gantt chart - schedule (the start and end dates) of the planned activities A, B, C, D,
and E, as well as their duration.

Figure 1. Gantt chart - schedule (the start and end dates) of the planned activities A,

B,C,D,and E
~ Network X Network Y
Time unit
Activity E 70% —>
ivi
4 4
100%
Activity D
20%
Activity C
50%
Activity B
- 100%
Activity A
Time
T

The horizontal axis in Figure 1 represents time. Network topology is changed
by starting any new activity. For example, the original traffic network (without any
work zone) is transformed into network X by performing activity B (by closing,
partially or completely, the link on which activity B is performed). Network Y is
characterized by closing, partially or completely, the links on which activities B, C,
and D are performed (Figure 1). The work zone schedule is defined by determining
the beginning of each planned activity. Work zones force drivers to change their
usual paths when traveling through the network.
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We describe transportation networks by their set of nodes, set of links, link
orientation, node connections, and link performance functions. These elements
comprise transportation supply. Transportation demand is described by the Origin-
Destination matrix. In this paper, we assume that the work zone activities force
some drivers to change their usual routes. We have to answer the following
questions: how network users will be distributed through the transportation
network in the case of any specific work zone schedule? Network users could be
distributed in many different ways through the network. The user equilibrium
(UE), and system optimal (SO) represent two crucial traffic assignment models that
have been created to solve the traffic assignment problem (Sheffi (1985),
Teodorovi¢ and Jani¢ (2022). In this paper, we search for the user equilibrium
flows, during the work zone activities.

Let us introduce the following notation:
G = (N, A) - transportation network
N - set of network nodes
A - set of network links
R - set of origin nodes
S - set of destinations nodes
P, - set of all paths between node r and node s
r € R - origin
s € S - destination
p € P - path leading from node r to node S
g, - total number of travelers from node r to node S
Xqi - flow along link a on the i-th day

7t - flow along path p that leads from node r to node s on the i-th day
t;Si - travel time along path p that leads from node r to node s on the i-th day

tqi = tqi(xgi) - travel time along link a € A on the i-th day

5 = {1, when link a belongs to the path p
ar |0, otherwise

n — considered period within all rehabilitations must be finished (in days)
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m—

number of the daily rehabilitation schedules

¢ — the number of the rehabilitation activities

ny — duration of the rehabilitation activity v (in days)

Wk

|

1, if the rehabilitation activity v is included in the daily rehabilitation schedule k
0, otherwise

o {1, if the ith day has the daily rehabilitation schedule k
Yike = 0, otherwise

o {1, if the rehabilitation activity v starts at the day i
vt 0, otherwise

City traffic authorities, traffic engineers, and planners have to decide about the

best work zone schedule. City traffic authority could be treated as a player that
leads the game (leader). The leader (city traffic authority) moves first, trying to
minimize the defined objective function. Network users represent the second
player (follower). The second player responds in a rational way to the first player’s
decision. The objective and/or constraints of the follower (network users) are
influenced by the leader’s (traffic authorities) decisions. In other words, once the
traffic authorities close some of the streets and start rehabilitation, some of the
network users change their usual routes and create new traffic assignment.

Traffic authorities influence the behavior of network users, but do not have full

control of the drivers. The new traffic flows are created by drivers’ own logic in a
new situation. Obviously, the decisions and actions of traffic authorities influence

the

drivers’ route choices and vice-versa. This decision-making situation is

characterized by a hierarchical structure. In other words, a lower-level (follower)
optimization problem exists as a constraint of the upper-level (leader) problem.

We model the problem, considered in this paper, as a bi-level optimization

problem. The objective function (that represents the total travel time of all network
users) is placed in the upper level while trying to solve the user equilibrium traffic
assignment problem in the lower level. The bi-level programming problem
(Chandler and Norton (1977), Fortuny-Amat and McCarl (1981), Aiyoshi and
Shimizu (1981, 1984), LeBlanc and D.E. Boyce (1986), Anandalingam and Apprey
(1991), Ben-Ayed et al. (1988, 1992), Bard (1998), Bagloee and Sarvi (2018))
represents a static version of the non-cooperative, two-person game introduced by
Von Stackelberg (1952). Bi-level programs include a leader and a follower that
operate in a hierarchical manner. In bi-level programs, the evaluation of a single
upper-level solution demands discovering its corresponding optimal lower-level
solution.
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The bi-level work zones scheduling problem for the t-th day of the schedule s
reads:

Upper level:
Minimize
F = Z?=1 ZaEAxai : tai(xai) (1

Lower level:

Minimize

Fi = Yaea [y tai(xa) dx Vi=1,.,n )
subject to

Zpeprsfp”i =(ys VreN,seN,i=1,..,n 3)
Xai = Lrer Lses Lpepys fp ' Sap Va€eAi=1..,n 4)
Yk=1Yik =1 Vi=1--,n (5)
S =1 Vo=1-c (©)
Ny * Zy; < Z;J;?”Zf(”=1ka Vi vv=1--,¢ci=1-,n—n,+ 1(7)
58 =0 Vr€N,sE€N,p €P.,i (8)
Xqi =0 VaeAdi=1,..,n 9)
yir €1{0,1} vi=1,...n,k=1,...m (10)
z,; € {0,1} Vv,i=1,..,n (11)

The objective function F; in the upper level, which we try to minimize,
represents the total travel time of all network users. At the lower level, we must
determine the schedules of daily rehabilitations, and for each day to perform the
traffic assignment. Consequently, we have n objective functions (2) that should be
minimized.

Constraint (3) guarantees that the whole flow from node r to node s is assigned to
the available paths. Link flows are expressed as a function of path flows (constraint
(4)). Constraint (5) states that one daily rehabilitation schedule must be assigned to
each day. Constraints (6) and (7) guarantee that each activity will begin and end
within the observed time period. Constraints (8) - (11) define decision variables.
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The work zones scheduling problem belongs to the class of difficult
combinatorial optimization problems. When searching for the optimal work zone
schedule, we try to minimize the total travel time of all network users. This could
create huge computational difficulties since it is necessary to solve the user
equilibrium problem many times every day within a specific work zone schedule.
In some cases, additional constraints could appear (scheduling precedence
requirement, etc.). This could further increase the problem’s complexity.

4. Proposed solution to the problem

To solve the problem effectively, we propose the following two-step approach:

e For all possible daily rehabilitation activities schedules find user equilibrium
and calculate the total travel time for all network users.

o Determine the schedules for rehabilitation activities in such a way as to
minimize the total travel times of all network users.

Within the first step, we must evaluate the total travel time for each
rehabilitation schedule. For that purpose, it should be used one of the already
known algorithms for discovering user equilibrium. To solve the case study
considered in this paper, we have used the incremental traffic assignment algorithm
that has the following steps (Sheffi (1985), Teodorovi¢ and Jani¢, 2022):

Step 0: Split each origin-destination flow into | equal shares, i.e.:

i _ 4
qrs = % (12)
Set iteration counter i = 1 and x2 = 0, V a.
Step 1: Set t& = t,(xi1), va.

Step 2: Make all-or-nothing assignment of shares g, based on travel times {tfl}
Get a set of link

flows {y‘i}
Step 3: Set {x} = xi"t + ¥}, va.
Step 4: If i = I, finish the algorithm. Otherwise, set i = i + 1, and return to step 1.

When the traffic assignment is determined, it is necessary to calculate the total
travel time of all network users. Let us denote by Tk the total travel time of all
network users for rehabilitation schedule k (k = 1, ..., m). The values of the
variables y;, and z,;, that define rehabilitation schedules, are found after solving
the following program:
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Minimize

F =% Xkea T Vi (13)
s.t.

Yke1Yie =1 Vi=1,n (14)
Ytz =1 Vs=1,,p (15)
nv-Zvist.J;?”Z}{’l:lka-yjk vv=1-,¢i=1-n—-n,+1 (16)
yir = {0,1} Vi=1-,nk=1,-,m 17
z, = {0,1} vv=1--,¢i=1-,n—-n,+1 (18)

The objective function (13) represents the total travel time, and it should be
minimized. Generally, this mathematical formulation has the same as the first
objective in the previous formulation. Also, the constraints (14), (15) (16), (17),
and (18) are the same as the constraints (5), (6), (7), (10), and (11).

5. Experimental evaluation

We tested the proposed approach on the Sioux Falls benchmark network (Figure
2). The network has 24 nodes and 76 links. All tests were solved by CPLEX 20.1
at the computer with the following characteristics: 11th Gen Intel(R) Core(TM) i7-
11800H @ 2.30GHz, 16 GB of installed RAM, and Windows 11 operating system.

We considered two different traffic scenarios. The observation periods in these
scenarios were 15 and 30 days, respectively. We varied the number of planned
activities, from 2 to 10, within the observed traffic scenarios. Additionally, we
considered shorter (case 1) and longer (case 2) duration of activities within each
scenario. Details related to the characteristics of the rehabilitation activities are
given in Table 1. The streets on which the rehabilitation activity should be done are
given in the second column of Table 1. The duration of rehabilitation activities (in
days) is given in columns 3 and 4 respectively. We assumed that all the links on
which rehabilitation is being carried out are closed to traffic.

Before finding the optimal schedules for the considered scenarios, the values of
total travel times of all network users were determined in cases where no activity is
performed on the observed network. These values were determined by discovering
user equilibrium conditions. The total travel time in the first scenario, with the
period of 15 days, is 11588.16 minutes. In the second scenario, with the period of
30 days, the total travel time equals 23176.2 minutes.
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Table 1. Characteristics of the rehabilitation activities

Case 1 Case 2
Rehabilitation . Duration of  |Duration of longer
.. Link number . .
activity shorter activities activities

(days) (days)

1 25 2 8

2 24 3 5

3 42 4 7

4 27 2 4

5 8 4 8

6 10 1 9

7 66 2 10

8 44 3 12

9 45 2 8

10 56 3 10

Table 2 shows the obtained results for Scenario #1. We notice, (as could be
expected intuitively) that more activities cause a longer total travel time. For
example, if we have only two activities (the first and second activity should be
12403.88-11588.16 4 0000 _ 7 04 %,

11588.16
. o . . . 15308.15-11588.16
while for ten activities the increase in total travel time equals — i1sssie

100 % = 32.1 %. The increase is even more significant in the case when the
duration of activities is longer. For example, when only two longer activities are

1374133-11588.16 o — .
11588.16 100 % = 18.58 %.

The graphical illustration of the increase in total travel time is given in Figure 3. As
can be seen, a significant increase in the number of activities that are performed
simultaneously during the observed period can lead to very large values of the total
travel time in the network. This small illustrative example points to the fact that
due attention must be paid to the planning process of network construction and/or
rehabilitation activities. Otherwise, the consequences for the functioning of the city
and the level of service provided to traffic network users can be extremely
negative.

finished) the increase in total travel time is

performed, the increase in total travel time is
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Figure 2. Sioux Falls Network
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It is also very important to notice the difference in the required CPU time for
solving the considered examples. We notice that CPU times are similar for the
shorter and longer duration of activities. The second very important fact is that the
examples with activities between 2 and 8 can be solved very fast, while the CPU
time is significantly longer for 9 and 10 activities.
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Table 2. The total travel times of all network users for the 15 day’s period

Number Shorter activities Longer activities
of Rehabilitation activities | Total travel | CPU time | Total travel | CPU time
activities time [min] [s] time [min] [s]
2 1,2 12403.88 0.08 13741.33 0.11
3 1,2,3 13455.32 0.14 15278.65 0.09
4 1,2,3,4 13846.90 0.31 16102.11 1.14
5 1,2,3,4,5 14281.52 2.63 17079.89 1.20
6 1,2,3,4,5,6 14347.16 6.61 17733.60 3.80
7 1,2,3,4,5,6,7 1449421 7.47 19455.97 7.66
8 1,2,3,4,5,6,7,8 14886.67 13.52 21986.95 10.64
9 1,2,3,4,5,6,7,8,9 15117.35 332.53 24034.39 314.94
10 1,2,3,4,5,6,7,8,9,10 15308.15 2025.75 25098.33 2735.67

Figure 3. Increased travel times when the period is 15 days (the scenario #1)

Increased travel time [%)]

140

120

100

80

60

40

2 _/_,./-—-—-’""'

1 2 3 4 5

6 7 8

Number of activities

9 10 M

== Shorter activities
=== |onger activities

We also tried to solve the previous examples in the case of scenario #2, when
the duration of the period is 30 days. In the case with shorter activities, we
successfully solved the examples with eight or fewer rehabilitation activities, while
in the case with longer activities we solved the examples with seven or fewer
activities. The search for the solution, in the case of examples with more activities,
has been stopped after a couple of hours. The obtained results are presented in
Table 3. One can notice that, within 30 days scenario, the examples with longer
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activities need significantly more CPU time than the examples with shorter
activities. The increase in travel time for the 30 days scenario is presented in Figure
4. Like in the case of scenario #1, the longer activities caused a bigger increase in
the total travel time. The shorter period causes many activities in the network
should be finished simultaneously. In such a situation, the increase in the total
travel time is significant (Figure 3 and Figure 4).

Table 3. The total travel times of all network users for the 30 days’ period (scenario #2)

Number Shorter activities Longer activities
of Rehabilitation activities | Total travel | CPU time | Total travel | CPU time
activities time [min] [s] time [min] [s]
2 1,2 23992.04 0.17 25329.49 0.24
3 1,2,3 25043.48 0.27 26866.81 1.83
4 1,2,3,4 25435.06 3.19 27690.27 34.34
5 1,2,3,4,5 25869.68 12.02 28592.62 20.41
6 1,2,3,4,5,6 25935.33 163.73 29217.85 5474.23
7 1,2,3,4,5,6,7 26082.37 130.44 30618.27 8043.16
8 1,2,3,4,5,6,7,8 26474.84 285.58 - -
9 1,2,3,4,5,6,7,8,9 - - - -
10 1,2,3,4,5,6,7,8,9,10 - - - -

Figure 4. Increased travel time when the period is 30 days

35
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6. Conclusions

In this paper, we studied the work zone scheduling problem. The considered
problem is extremely important due to the fact that a considerable part of highway
and street congestion is produced by work zones. Work zone generates traffic delay
in the street where maintenance is performed, as well as on the neighboring streets
since many drivers change their routes. The total travel time of all network users
greatly depends on the chosen work zones schedule. We treated the work zone
scheduling problem as a bi-level program. The objective function in the upper
level, which we try to minimize, represents the total travel time of all network
users. Relations in the lower level, help us to compute User Equilibrium flows. The
solution approach developed in this paper is based on the combination of Integer
Programming and a heuristic traffic assignment algorithm. The output of the
developed model consists of the start time of each work zone. The Sioux Falls
benchmark network is used to illustrate the proposed procedures and the achieved
performances.

The numerical examples solved in this paper were of a relatively small
dimensionality. At the same time, the problem studied is combinatorial by its
nature. The optimal solution to the considered problem cannot be found in
acceptable CPU time in the cases of big traffic networks. There is a combinatorial
explosion of promising combinations of the decision variables that could be
optimal. In future research, it would be extremely important to explore various
approximate algorithms when solving work zone scheduling problems.
Metaheuristics have become a very dominant approach in the last few decades, for
solving hard combinatorial optimization problems. They are general-purpose
techniques, and they efficiently explore the search space. The gained experience
shows that the meta-heuristics are doing well in generating (near)-optimal solutions
to difficult combinatorial optimization problems, in an acceptable computer time.

The main task of future research is the development of models based on
various metaheuristic techniques and their testing on large networks.

It would be also challenging to develop more sophisticated models that take
into account more negative aspects of work zones (increased travel times, increased
number of stops, unexpected delays, greater travel costs, inconvenience to drivers
and passengers, increased air pollution and noise levels, and increased number of
traffic accidents).

Acknowledgment

This research was partially supported by Serbian Academy of Sciences and Arts
and by Ministry of Education, Science and Technological Development Republic of
Serbia.



16 Teodorovié, Nikoli¢ / Economic Themes, 61(1): 1-18

References

Aiyoshi, E., Shimizu, K. (1981) Hierarchical Decentralized Systems and Its New Solution
by a Barrier Method, IEEE Trans. Systems, Man, and Cybernetics, Vol. SMC-11,
No. 6, pp. 444-449.

Aiyoshi E., K. Shimizu, K. (1984) A Solution Method for the Static Constrained
Stackelberg Problem via Penalty Method, IEEE Trans. Automatie Control, Vol. AC-
29,No. 12, pp. 1111-1114.

Anandalingam, G., Apprey, V. (1991) Multi-Level Programming and Conflict Resolution,
European Journal of Operational Research, 51, 233-247.

Bagloee, S.A., Sarvi, M. (2018) An outer approximation method for the road network
design problem, PLOS One, https://doi.org/10.1371/journal.pone.0192454.

Bard, J. (1998) Practical Bilevel Optimization: Algorithms and Applications, Springer
Science + Business Media, Dordrecht.

Ben-Ayed, O., Blair, C.E., Boyce, D.E., LeBlanc, L.J. (1992) Construction of a Real-World
Bilevel Programming Model of the Highway Network Design Problem, Annals of
Operations Research, Vol. 34, No. 1-4, pp. 219-254 (1992).

Ben-Ayed, O., Boyce, D.E., Blair, C.E. (1988) A General Bilevel Linear Programming
Formulation of the Network Design Problem, Transportation Research, Vol. B22,
pp. 311-318 (1988).

Bhutani, R., Ram, S., Ravinder, K. (2016) Impact of metro rail construction work zone on
traffic environment, Transportation Research Procedia 17, 586 — 595.

Candler W., Norton, R. (1977) Multi-Level Programming and Development Policy,
Working Paper No. 258, World Bank, Washington DC.

Chien, Steven I-Jy, Tang, Y. (2014) Scheduling highway work zones with genetic
algorithm considering the impact of traffic diversion, Journal of Advanced
Transportation, 48, 287-303.

Chien, S., Tang, Y., Schonfeld, P. (2002) Optimizing Work Zones for Two-Lane Highway
Maintenance Projects”, Journal of Transportation Engineering, 128, 145-155.

Du, B, Chien, S., Lee, J., Spasovic, L., (2017) Predicting Freeway Work Zone Delays and
Costs with a Hybrid Machine-Learning Model, Journal of Advanced Transportation,
Volume 2017, Article ID 6937385

Federal Highway Administration (2004) QuickZone Case Studies “The Application of
QuickZone in Eight Common Construction Projects”, Washington, DC, USA,
Mitretek Systems.

Fortuny-Amat, J., McCarl, B. (1981) A Representation and Economic Interpretation of a
Two-Level Programming Problem, Journal of the Operational Research Society,
Vol. 32, pp. 783-792.

Kim, B.J., Kim, W., Song, B.H. (2008) Sequencing and scheduling highway network
expansion using a discrete network design model. The Annals of Regional Science.
42(3), pp.621-642.

LeBlanc, L.J., Boyce, D.E. (1986) A Bilevel Programming Algorithm for Exact Solution of
the Network Design Problem with User-Optimal Flows, Transportation Research,
Vol. 20B, pp. 259-265.

Lee, H-Y. (2009) Optimizing schedule for improving the traffic impact of work zone on
roads, Automation in Construction, 18, 1034-1044.



Teodorovié, Nikoli¢ / Economic Themes, 61(1): 1-18 17

Pilvar, R. (2015) Development of an Optimisation Model for Scheduling of Street Works
Schemes, Submitted in accordance with the requirements for the degree of Doctor of
Philosophy (PhD), The University of Leeds Institute for Transport Studies (ITS),
March 2015.

Sheffi, Y. (1985) Urban Transportation Networks. Prentice Hall, Englewood Cliffs, NJ.

Teodorovi¢, D., Jani¢, M. 2022. Transportation Engineering: Theory, Practice and
Modeling, Second Edition, Elsevier, New York, (2022).

Von Stackelberg, H. (1952) The Theory of the Market Economy, Oxford University Press,
Oxford.

Wei, C. H.,, & P. M. Schonfeld. (1993) An Artificial Neural Network Approach for
Evaluating Transportation Network Improvements. Journal of Advanced
Transportation, 27(2), 129-150.

Wei, C.H., Schonfeld, P. (1994) Multiperiod network improvement model, Transportation
Research Record, 1443, 110-119.

Zheng, H., Nava, E., Chang, Y.C. (2014) Measuring Networkwide Traffic Delay in
Schedule Optimization for Work-Zone Planning in Urban Networks, IEEE
Transactions on Intelligent Transportation Systems, 15, 2595- 2604, (2014)

VREMENSKO RASPOREDJIVANJE RADOVA NA
SAOBRACAJNIM MREZAMA

Apstrakt: Saobradajna zagusenja su u, znacajnioj meri, uzrokovana radovima
koji se obavljaju na saobracajnim mrezama. U zavisnosti od tipa radova,
kapacitet pojedinih saobracajnica moze da bude smanjen, ili saobracajnica
moze u potpunosti da bude zatvorena za saobracaj. Pored toga Sto dovode do
poveéanih vremena putovanja na saobraéajnicama u kojima se izvode radovi,
aktivnosti odrzavanja uticu 1 na uslove odvijanja saobradaja u susednim
ulicama, obzirom da mnogi vozaci menjaju svoje uobicajene rute. Postoji veoma
veliki broj nacina na koje planirani radovi mogu da budu rasporedjeni u
vremenu. Ukupno vreme putovanja svih korisnika na mrezi u znacéajnoj meri
zavisi od izabranog vremenskoh rasporeda radova koje je potrebno obaviti.
Problem vremenskog rasporedjivanja radova na mrezi ima takvu prirodu i
strukturu da zahteva da bude razmatran kao problem bi-level programiranja.
Kriterijumsku funkeciju na gornjem nivou, koju smo tezili da minimiziramo,
predstavlja ukupno vreme putovanja svih korisnika na mrezi. Relacije na
donjem nivou omogucavaju izraCunavanje vrednosti intenziteta tokova 1
vremena putovanja u uslovima korisnickog ekvilibrijuma. Predlozeni nacin
resavanja problema zasnovan je na kombinaciji Celobrojnog programiranja i
heuristickog algoritma za pronalazenje korisnickog ekvilibrijuma. Izlazne
rezultate predstavljaju momenti zapocinjanja svake od planiranih aktivnosti
odrzavanja. PredloZzeni model je testiran na primeru americkog grada Sioux
Falls.

Kljuéne rec¢i: Vremensko rasporedjivanje radova, raspodela saobracaja na
mrezi, kombinatorna optimizacija, inkrementalni algoritam
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