
Online optimization of
first-responder routes in
disaster response logistics
After a disaster, first responders should reach critical locations in the
disaster-affected region in the shortest time. However, road network
edges can be damaged or blocked by debris. Since response time is
crucial, relief operations may start before knowing which edges are
blocked. A blocked edge is revealed online when it is visited at one of
its end-nodes. Multiple first-responder teams, who can communicate
the blockage information, gather initially at an origin node and are
assigned to target destinations (nodes) in the disaster-affected area.
We consider multiple teams assigned to one destination. The
objective is to find an online travel plan such that at least one of the
teams finds a route from the origin to the destination in minimum
time. This problem is known as the online multi-agent Canadian
traveler problem. We develop an effective online heuristic policy and
test it on real city road networks as well as randomly generated
networks leading to instances with multiple blockages. We compare
the performance of the online strategy with the offline optimum and
obtain an average competitive ratio of 1.164 over 70,100 instances
with varying parameter values.
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Introduction
As natural and man-made disasters have been increasing in

number within the past decades, the importance of response

operations has been acknowledged in recent literature in

addition to practice [1]. In this article, among the post-

disaster response operations, we focus on collecting

information on road network accessibility and routing of

first responders for search-and-rescue (SAR) operations at

the same time. Due to the urgency of the first-response

operations, when providing a solution strategy for the

problem of finding a route to reach a destination from an

origin location in shortest time, very low running time is

required for real-time decision support.

The condition of the roads and time to traverse them is,

unfortunately, uncertain right after a disaster. Damage on

road segments, and collapsed bridges and viaducts, together

with resulting blockage of the roads is a commonly

experienced complication in disaster response [2]. Figure 1

shows an example of road damage after an earthquake in

Myanmar in 2001. As another vivid example, we note that in

the Japan triple disaster in 2011, a majority of the roadways,

motorways, and the main artery running from north to south

were blocked in the immediate response phase [3].

Gathering road damage information by satellites is

expensive, and the images may only be partially useful

since clouds may block the sight of the camera in the

affected area. Using drones and helicopters is restrictive

since typically these vehicles are limited in number and

cannot cover a large area completely. Crowdsourcing does

not provide reliable data. Data veracity is a serious issue.

Hence, we propose to gather information by sending teams

(agents) to the disaster-affected area, which may also

consist of motorcycled explorers, while they try to reach

critical points within the disaster zone with SAR personnel,

police, and firefighter forces, together with necessary

machinery and equipment.

In our article, we propose online optimization for the

effectiveness of the aforementioned response operations.

An online strategy should be fast enough computationally

in order to be able to collect information and take actions in

real time. Due to its efficiency, our proposed online strategy

can be run in real time. Also, we show its performance on

real-life road networks in various disaster risk-prone areas,

as well as realistic random networks, in terms of yielding
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solutions very close to the optimal solutions that are found

under perfect information.

Problem description
We study a post-disaster situation in which emergency

response operations, such as SAR and core relief item

delivery, are required at a critical location, e.g., a temporary

shelter location, a residential complex, a shopping center,

etc. We represent the road network of the disaster-affected

region by an undirected graph where some road segments

become damaged or blocked and are rendered

nontraversable. We consider the situation in which multiple

first-responder teams, who can communicate the blockage

information, gather initially at an origin node, e.g., a rescue

center, a fire station, etc. The blockages are not known to

the first-responder teams at the beginning. Since response

time is of utmost importance, operations may start before

blockage information is available. A blocked edge is

revealed online when at least one of the first-responder

teams visits one of its end-nodes. A mission is launched

such that at least one of the first-responder teams reaches

the critical location in the shortest time. Developing a

routing strategy in such a case falls into the realm of online

problems. In online problems, information is revealed

incrementally, while taking actions, and decisions must be

made before all information is available. In such problems,

the objective is to devise a strategy that performs well over

all possible problem instances, compared to the optimal

solution found assuming that all of the information is

available beforehand.

We next define an online optimization problem for the

situation described earlier. In this problem, first-responder

teams receive an undirected networkG ¼ ðV;EÞwith a
given source nodeO 2 V and a destination nodeD 2 V

together with edge traveling times as input. Initially, all of

the first-responder teams are located atO. Some of the edges

are blocked in the network, but these edges are not known to

the first-responder teams a priori. A blocked edge cannot be

traversed and is revealed online when at least one of the first-

responder teams visits one of its end-nodes. This information

is immediately communicated to the other teams. Hence, the

routes of the first-responder teams may change as blockage

information is obtained. The objective is to provide an online

strategy such that at least one of the first-responder teams

finds a feasible path, i.e., one without blockages, from their

initial locationO to the given destinationD in minimum

total time. This problem is known as the online multi-agent

Canadian traveler problem (CTP).

Competitive analysis
A solution strategy to an online problem is called an online

strategy. Online strategies process their inputs piece by

piece, without having the entire input available from the

beginning. Online strategies are divided into two

categories: deterministic and randomized. In a deterministic

online strategy, actions of the decision maker do not depend

on probabilistic outcomes. That is, given a particular input,

a deterministic online strategy will always produce the

same output. In a randomized strategy, actions of the

decision maker are taken according to some probability

distribution in the sense that, given a particular input, a

randomized online strategy may produce different outputs.

The key concept in analyzing an online strategy is to

compare a solution produced by the online strategy with

the best possible solution under complete information,

which is called the offline optimum solution. An offline

strategy is to solve the same problem as an online strategy,

except that all information about the problem inputs is

revealed to an offline strategy from the beginning. An

optimal offline strategy is the optimal strategy in presence

of complete input information that produces the offline

optimum solution.

This approach was first suggested in [5]. To evaluate the

performance of online strategies, the notion of competitive

ratio has been introduced by Sleator and Tarjan [5] and

adopted by many researchers. For a deterministic online

strategy, the competitive ratio is the maximum ratio of the

cost of the online strategy to the cost of the offline strategy

over all instances of the problem. For a randomized online

strategy, the expected competitive ratio is the maximum

ratio of the expected cost of the online strategy to the cost of

the offline strategy over all instances of the problem.

Literature review
As we described, we investigate the online multi-agent CTP

in the context of disaster response logistics. Hence, our

primary focus will be on those studies in our literature

review. First, we briefly discuss articles related to routing in

disaster logistics. Next, we review the relevant literature on

the online multi-agent CTP.

Figure 1

Damage of bridge approach road due to Myanmar (Burma) earthquake

in 2001 [4].
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Routing in disaster logistics
Deterministic (e.g., [6]) and stochastic optimization models

(e.g., [7–9]) have been proposed for routing relief aid after

a disaster, either comprising stand alone decisions (e.g., [6]

and [9]) or together with facility location decisions (e.g., [7]

and [8]). In particular, Noyan et al. [7] proposed a stochastic

programming model for designing last mile relief networks,

which includes routing decisions, and the uncertainty is on

road travel times and demand. Moreover, recently, Noyan

and Kahvecio�glu [8] studied the last mile relief network

design again with the same type of uncertainty, this time

with resource reallocation and equity considerations. In

another related study, Hu et al. [9] developed a multistage

stochastic programming model for relief distribution. The

uncertain state of the road network and multiple types of

vehicles are considered. The uncertain and dynamic

network capacity is characterized by means of a scenario

tree. In these latter three studies, uncertainty is represented

by discrete scenarios with given probabilities, whereas we

assume no knowledge of probabilities in the chaotic

immediate response stage.

The above-mentioned studies distribute aid to multiple

destinations, while we target a single destination. However,

our problem can be solved separately for allO-D pairs under

consideration since the run times of our proposed strategy

are extremely low even for large-scale networks. We

illustrate this approach in our computational experiments.

Multi-agent CTP
We focus on studies that are conducted from an online

optimization and competitive analysis perspective, since

these are the most related works to our study. The CTP was

defined first in [10]. Papadimitriou and Yannakakis [10]

proved that devising an online strategy with a bounded

competitive ratio is PSPACE-complete for the CTP. Bar-

Noy and Schieber [11] also considered the CTP and its

variants. They introduced the k-CTP, where an upper bound

k on the number of blocked edges is given as input. They

showed that for arbitrary k, the problem of designing an

online strategy that guarantees the minimum travel cost is

PSPACE-complete.

Westphal [12] considered the k-CTP from the

competitive ratio perspective. He showed the lower bounds

of 2kþ 1 and kþ 1 on the competitive ratio of

deterministic and randomized online strategies,

respectively. He also presented an optimal deterministic

online strategy for the k-CTP, which is called the backtrack

strategy. Xu et al. [13] also considered the k-CTP and

presented two online strategies, greedy and comparison,

and proved competitive ratios of 2kþ1 � 1 and 2kþ 1,

respectively, for these strategies. Bender and Westphal [14]

presented a randomized online strategy for the k-CTP,

which meets the lower bound of kþ 1 in special cases. Shiri

and Salman [15] modified the strategy given in [14] and

proposed an optimal randomized online strategy for the

k-CTP on O-D edge-disjoint graphs.

The k-CTP with multiple agents was first considered by

Zhang et al. [16]. They analyzed the problem in two

scenarios, with limited and complete communication. They

proposed lower bounds of 2bk�1
L1

c þ 1 and 2bkLc þ 1 on the

competitive ratio of the deterministic strategies for the cases

with limited and complete communication, respectively.

Note that in the proposed lower bounds, L denotes the total

number of agents and L1 denotes the number of agents who

benefit from complete communication. They also proposed

an optimal deterministic online strategy when there are two

agents in the graph. Shiri and Salman [17] also investigated

the multi-agent k-CTP. They provided an updated lower

bound on the competitive ratio of deterministic online

strategies for the case with limited communication. They

also presented a deterministic online strategy, which is

optimal in both cases with complete and limited

communication on O-D edge-disjoint graphs. Randomized

online strategies for the multi-agent k-CTP are investigated

in [18], where lower bounds on the expected competitive

ratio together with optimal randomized online strategies on

O-D edge-disjoint graphs are proposed for the cases with

limited and complete communication.

Xu and Zhang [19] studied a real-time rescue routing

problem from a source node to an emergency spot in the

presence of online blockages. They analyzed the problem

with the objective to make all the rescuers arrive at the

emergency spot with minimum total cost. They studied the

problem in two scenarios: without communication and with

complete communication. They investigated both of the

scenarios on the grid networks and general networks,

respectively. They showed that consideration of both the

grid network and the rescuers’ communication can

significantly improve the rescue efficiency.

As discussed previously, most of the results for the CTP

are presented to investigate the worst-case performance of

online strategies. Also, these results are mostly optimal in

special cases that do not resemble real-world instances. In

this article, we propose a deterministic online strategy for

the first-responder routing problem, which is designed to be

applied on real-world instances. We conduct extensive

computational experiments to measure the average-case

performance of our online strategy. Our study is unique in

terms of these aspects.

Description of the strategy
We next present a deterministic online strategy for the

online problem under study. Our online strategy is based on

the iterative penalty method, which is proposed in [20] for

the generation of spatially dissimilar paths with a

motivation of avoiding hazardous material accident risk.

Our online strategy first assigns dissimilar O-D paths to

the first-responder teams by applying the iterative penalty
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method. Then, the first-responder teams move towardD

through their assigned O-D paths. Whenever a blockage is

found along the current path, this information is shared

among all of the first-responder teams. For all of the first-

responder teams who have the found blocked edge on their

currently assigned paths, the shortest path, which links their

current location (the first immediate node in front of them)

toD is assigned using the updated graph. This procedure is

repeated until at least one of the first-responder teams

arrives atD. We formally describe our deterministic online

strategy.

The online strategy is as follows.

� Initialization. Take an undirected graph

G ¼ ðV;EÞ, a source node O 2 V , a destination

nodeD 2 V , a number L that represents the number

of first-responder teams, together with nonnegative

edge travel times as input. Label the first-responder

teams from T1 to TL arbitrarily. Let i be a counter
variable and set i ¼ 1 initially.

� Step 1. Compute the shortest O-D path Pi in G and

assign it to Ti. Update G by doubling the travel

times of the edges on Pi. Set i ¼ iþ 1. If i � L, go
to the beginning of Step 1. Otherwise, reset the edge

travel times inG to their original values given in the

initialization step and go to Step 2.

� Step 2. Let the first-responder teams move towardD
through their assigned paths. If at least one of the

first-responder teams has arrived atD, stop. If one of

the first-responder teams has encountered a blockage

e, remove the blockage from the graph, i.e., set

G ¼ ðV;E � fegÞ. Let Te � fT1; T2; . . .; TLg be the
set of first-responder teams who have e on their
currently assigned paths. For each first-responder

team in Te, assign the first-responder team to the

shortest path from their current location, i.e., the first

immediate node in front of them, toD inG. Go to the

beginning of Step 2.

Data generation and computational study
In this section, we present the results of our experiments

to evaluate the performance of our proposed online

strategy in comparison to the optimal offline strategy. We

tested our strategy on the following four different network

types:

1) a uniform two-dimensional (2-D) grid network;

2) multiple randomly generated Euclidean networks;

3) road network of the Gulf Coast area of the United

States;

4) Istanbul city networks.

Remark 1. We simulated a total number of 701 scenarios

to test our online strategy. We tested each scenario on

100 randomly generated instances, i.e., a total number of

701� 100 ¼ 70;100 instances are investigated. For each

scenario, we report the values of the average and the

maximum of the ratio of the cost of the online strategy to

the cost of the offline optimum over 100 tested instances.

Hereafter, we call these values the average and the maxi-

mum competitive ratio, respectively.

Uniform grid network
Grid networks have been widely used to simulate real city

road networks (see [19] and [21]). For a uniformly

weighted 32� 32 2-D grid network (with 1,024 nodes and

1,984 edges), various scenarios with respect to the

percentage of blockages and the number of first-responder

teams are simulated. We selected the blockages randomly

while making sure that the source node (the node at the

southwestern corner of the grid network) and the

destination node (the node at the northeastern corner of

the grid network) remain connected. We experimented

with 10%–40% of blockages while the number of

first-responder teams covers a range from 1 to 20. For each

scenario, 100 random instances with different blockage

patterns are generated. Hence, 4� 20� 100 ¼ 8;000

instances are investigated in total for the uniform grid

network case. We report the maximum and the mean values

for the competitive ratio of these 100 instances in each

scenario. Figures 2 and 3 show the results for 20% and 40%

of blockages, respectively. Figures for 10% and 30% of

blockages are provided in the website https://doi.org/

10.6084/m9.figshare.8203358.v1.

We observe that as the percentage of blockages

increases, the values of the maximum and the mean

competitive ratio increase as well. As another observation,

increasing the number of first-responder teams does not

improve the solution significantly for the tested uniform

grid network.

Figure 2

Results for the uniform 32� 32 grid network with 20% of blockages.
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Random networks
The values of the average and the maximum competitive ratio

of our strategy were also measured on random networks with

different settings with regard to the network size, percentage

of blockages, and the number of first-responder teams.We

simulated different network sizes, namely 100, 200, 300, 400,

and 500 nodes. For each network size, we experimented with

10%–40% of blockages. For each network size and each

blockage percentage, we considered three different numbers

of first-responder teams. For each scenario, 100 instances are

tested. Hence, a total of 5� 4� 3� 100 ¼ 6;000 random

scenarios are investigated.

Results for random networks with 500 nodes are

demonstrated in Figures 4 and 5. The reported values for

the maximum and the mean competitive ratio are calculated

over 100 random instances for each scenario. In the website

https://doi.org/10.6084/m9.figshare.8203358.v1, we also

present the figures for networks of other sizes.

Figures 4 and 5 show that for a fixed percentage of

blockages, as the number of first-responder teams increases,

the values of the maximum and the average competitive ratio

either decline or do not change. This means that with more

first-responder teams, it is more likely to have a better solution.

Another notable observation is that the average competitive

ratio does not exceed 1.5 even with 40% of blockages.

Remark 2. Since the first-responder teams that are assigned

to different paths may simultaneously encounter the same

blockage in several occasions, we observe that increasing

the number of first-responder teams does not improve the

solution proportionally. This observation has been proven

in [22] from the worst-case perspective.

Remark 3. The online strategy is devised such that the first-
responder teams communicate with each other in the sense

that they share the blockage information. Hence, the first-

responder teams may change their routes whenever they

learn about a blockage in the graph. This may lead to the

following observation. In few cases (see https://doi.org/

10.6084/m9.figshare.8203358.v1), for a fixed network and

a fixed percentage of blockages, we observe that the solu-

tion of the online strategy with a fewer number of first-

responder teams is better than the solution of the online

strategy with a greater number of first-responder teams.

Gulf Coast area of the U.S. network
Our next experiments are based on a case study focused on

hurricane threat in the Gulf Coast area of the United States

(see [23] and [24]). A network with 30 nodes associated with

51 different distance matrix scenarios, which represents the

U.S. Gulf Coast area under different post-disaster scenarios is

under consideration. We investigated the competitive ratio of

our online strategy for three different cases by selecting three

Figure 3

Results for the uniform 32� 32 grid network with 40% of blockages.

Figure 4

Average competitive ratio results for random networks with 500 nodes.

Figure 5

Maximum competitive ratio results for random networks with 500 nodes.
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origin—destination pairs. Each origin node is one of the major

cities in the area, and the corresponding destination node is the

one farthest from the selected source node. We tested each

case and scenario on 100 random instances with 20% of

blockages with five first-responder teams. Thus, a total

number of 51� 3� 100 ¼ 15;300 instances are analyzed.

We computed the values of the maximum and the mean

competitive ratio for each distance matrix. Figures 6–8

illustrate the results of our computations. It is remarkable

that the average competitive ratio in all of the scenarios

tested over 100 instances is very close to one, hence

showing the near optimality of the strategy from the

perspective of the competitive ratio.

Istanbul networks
We also used two real-life road networks of the city of

Istanbul, which are taken from [25]. The first one is called

Istanbul detailed network (349 nodes and 689 edges), and the

other one is called Istanbul southwest network (250 nodes

and 539 edges). For each network, we randomly generated

instances with 10%–40% of blockages while the solution

was tested with the number of first-responder teams ranging

from 1 to 50. For each fixed number of first-responder teams

and fixed percentage of blockages, we reported the values of

the maximum and the mean competitive ratio derived from

100 random instances with different blockage distributions

as well as different source and destination nodes. For each

Figure 6

Results for scenarios with Dallas, TX, as the source node and Key

West, FL, as the destination node.

Figure 8

Results for scenarios with Atlanta, GA, as the source node and Browns-

ville, TX, as the destination node.

Figure 7

Results for scenarios with New Orleans, LA, as the source node and

Wilmington, NC, as the destination node.

Figure 9

Sensitivity analysis of the online strategy on the number of first-responder

teams for the Istanbul, Turkey, detailed network.
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instance, we made sure that the distribution of blocked edges

does not cause disconnectedness of the source and the

destination nodes. Hence, 2� 4� 50� 100 ¼ 40;000

instances are investigated.

Figures 9 and 10 present the competitive ratio results of

our strategy on the Istanbul detailed network and the

Istanbul southwest network, respectively, in presence of

20% of blockages. The values of the maximum and the

mean competitive ratio mostly decrease as the number of

first-responder teams increases in both Istanbul networks. It

is also notable that the value of the average competitive

ratio is less than 1.2 in both of the Istanbul networks with

20% of blockages. Figures for networks with various

percentage of blockages are included in the website https://

doi.org/10.6084/m9.figshare.8203358.v1.

As another type of sensitivity analysis, we fixed the

number of first-responder teams to 10. We experimented

with 10%–40% of blockages. For each scenario, we tested

100 instances, i.e., 2� 4� 100 ¼ 800 instances are tested.

Figures 11 and 12 display the values of the maximum and

the average competitive ratio for ten first-responder teams.

As the percentage of blockages increases, the values of the

maximum and the mean competitive ratio increase. Also,

the values of the mean competitive ratio for both Istanbul

networks are less than 1.5 as another remarkable result.

Analysis of the running time of the online strategy
The computational experiments were implemented in

Python 3.6 using NetworkX 2.3 on an Intel Core i5-4310 U

CPU @ 2.00 GHz (4 processors) computer with 8-GB

RAM, running under the Windows 7 operating system.

Table 1 summarizes the values of the average running time

Figure 10

Sensitivity analysis of the online strategy on the number of first-responder

teams for the Istanbul southwest network.

Figure 11

Sensitivity analysis of the online strategy on the percentage of blockages

for the Istanbul detailed network.

Figure 12

Sensitivity analysis of the online strategy on the percentage of blockages

for the Istanbul southwest network.

Table 1 Average running times of the online strategy

to solve an instance of the problem.
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of the online strategy to solve an instance of the problem on

each analyzed network type.

We also investigated the relationship between the number

of first-responder teams and the running time of our online

strategy for Istanbul city networks. Figure 13 presents the

average and the maximum running time of the online

strategy as the number of first-responder teams varies from

1 to 50 for the Istanbul detailed network. Figures for the

Istanbul southwest network are included in the website

https://doi.org/10.6084/m9.figshare.8203358.v1.

Conclusion and future work
We studied an online optimization navigation problem in the

context of disaster response logistics. In this problem, multiple

first-responder teamswho are initially at an origin node are

assigned to paths such that at least one of them reaches a critical

destination node inminimum time,where there are some online

blockages in the graph and complete communication is feasible

between the first-responder teams.We proposed a very fast

online heuristic strategy for this problem.We tested our online

strategy on an extensive number of real-world (urban and

regional) and randomly generated instances and obtained an

average competitive ratio of 1.164. This result implies that our

online strategy has performed very close to the best possible

offline strategy that has access to complete information.

As future work, onemay investigate a more general version

of the problem with multiple source and destination nodes.

References
1. S. Gupta, M. K. Starr, R. Z. Farahani, et al., “Disaster management

from a POM perspective: Mapping a new domain,” Prod. Oper.
Manage., vol. 25, pp. 1611–1637, 2016.

2. K. Y. Sokat, I. S. Dolinskaya, K. Smilowitz, et al., “Incomplete
information imputation in limited data environments with
application to disaster response,” Eur. J. Oper. Res., vol. 269, no. 2,
pp. 266–285, 2018.

3. N. Mimura, K. Yasuhara, S. Kawagoe et al., “Damage from the
great east japan earthquake and tsunami—A quick report,”
Mitigation Adaptation Strategies Global Change., vol. 16, no. 7,
pp. 803–818, 2011.

4. P. Anbazhagan, S. Srinivas, and D. Chandran, “Classification of
road damage due to earthquakes,” Natural Hazards, vol. 60, no. 2,
pp. 425–460, 2012.

5. D. Sleator and R. Tarjan, “Amortized efficiency of list update and
paging rules,” Commun. ACM., vol. 28, pp. 202–208, 1985.

6. P. H. V. Penna, A. C. Santos, and C. Prins, “Vehicle routing
problems for last mile distribution after major disaster, ” J. Oper.
Res. Soc., vol. 21, no. 3, pp. 1254–1268, 2017.

7. N. Noyan, B. Balcik, and S. Atakan, “A stochastic optimization
model for designing last mile relief networks,” Transp. Sci., vol. 50,
no. 3, pp. 1092–1113, 2016.

8. N. Noyan and G. Kahvecio�glu, “Stochastic last mile relief network
design with resource reallocation,” OR Spectrum., vol. 40, no. 1,
pp. 187–231, 2018.

9. S. Hu, C. Han, Z. S. Dong, et al., “A multi-stage stochastic
programming model for relief distribution considering the state of
road network,” Transp. Res. Part B: Methodological., vol. 123,
pp. 64–87, 2019.

10. C. Papadimitriou and M. Yannakakis, “Shortest paths without a
map,” Theor. Comput. Sci., vol. 84, pp. 127–150, 1991.

11. A. Bar-Noy and B. Schieber, “The Canadian traveler problem,” in
Proc. 2nd Annu. ACM-SIAM Symp. Discr. Algorithms, 1991,
pp. 261–270.

12. S. Westphal, “A note on the k-Canadian traveler problem,” Inf.
Process. Lett., vol. 106, pp. 87–89, 2008.

13. Y. Xu,M. Hu, B. Su, et al., “The Canadian traveler problem and its
competitive analysis,” J. Combin. Optim., vol. 18, pp. 185–205, 2009.

14. M. Bender and S. Westphal, “An optimal randomized online
algorithm for the k-Canadian traveller problem on node-disjoint
paths,” J. Combin. Optim., vol. 30, pp. 87–96, 2015.

15. D. Shiri and F. S. Salman, “On the randomized online strategies
for the k-Canadian traveler problem,” J. Combin. Optim., vol. 1,
pp. 1–14, 2019.

16. H. Zhang, Y. Xu, and L. Qin, “The k-Canadian travelers problem
with communication,” J. Combin. Optim., vol. 26,
pp. 251–265, 2013.

17. D. Shiri and F. S. Salman, “On the online multi-agent O-D
k-Canadian traveler problem,” J. Combin. Optim., vol. 34, pp.
453–461, 2017.

18. D. Shiri and F. S. Salman, “Competitive analysis of randomized
online strategies for the online k-Canadian traveler problem,” J.
Combin. Optim., vol. 37, no. 3, pp. 848–865, 2019.

19. Y. Xu and H. Zhang, “How much the grid network and rescuers
communication can improve the rescue efficiency in worst-case
analysis,” J. Combin. Optim., vol. 30, pp. 1062–1076, 2015.

20. V. Akg€un, E. Erkut, and R. Batta, “On finding dissimilar paths,”
Eur. J. Oper. Res., vol. 121, pp. 232–246, 2000.

21. O. Lum, B. Golden, and E. Wasil, “An open-source desktop
application for generating arcrouting benchmark instances,”
INFORMS J. Comput., vol. 30, no. 2, pp. 361–370, 2018.

22. D. Shiri and F. S. Salman, “New results on the online multi-agent
k-Canadian traveler problem,” to be published.

23. C. G. Rawls and M. A. Turnquist, “Pre-positioning of emergency
supplies for disaster response,” Transp. Res. Part B: Methodological.,
vol. 44, no. 4, pp. 521–534, 2010.

24. R. Turke�s and K. S€orensen “Instances for the problem of pre-
positioning emergency supplies,” J. Humanitarian Logistics
Supply Chain Management, 2019. [Online]. Available: htt _ps://
doi.org/10.1108/JHLSCM-02-2018-0016

25. V. Akbari and F. S. Salman, “Multi-vehicle synchronized arc
routing problem to restore post-disaster network connectivity,”
Eur. J. Oper. Res., vol. 257, no. 2, pp. 625–640, 2017.

Received December 10, 2018; accepted for publication

October 2, 2019

Figure 13

Sensitivity analysis of the running time of the online strategy on the

number of first-responder teams for the Istanbul detailed network.
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