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Abstract—After a disaster, a network of unmanned aerial
vehicles (UAVs) and low Earth orbit (LEO) satellites can
provide communication services rapidly to the affected area.
In this emergency communication system, UAVs frequently
encounter network handover (HO) issues while conducting post-
disaster situational awareness (SA) tasks such as searching and
monitoring during their flight. Due to the high demand for
uplink data rates and the time-sensitive nature of sensing data,
transmission disconnections are prone to occur if UAVs connect
to an inappropriate network, potentially affecting subsequent
rescue operations. To tackle this problem, a vertical HO scheme
based on the Analytic Hierarch Process-Entropy (AHP-Entropy)
weighting and Technique for Order Preference by Similarity
to Idea Solution (TOPSIS) is proposed. In this work, received
signal strength, data rate, and latency are taken into account.
The comprehensive attribute weights are obtained by the AHP-
Entropy weighting method, and then TOPSIS is applied to rank
the candidates to select the best network. Moreover, the satellite-
ground distance is obtained by the Mean Value Theorem for
Integrals and the maximum and minimum elevation angles
during the movement of LEO satellite. Meanwhile, mobile edge
computing (MEC) is introduced on LEO satellite for data
compression to further reduce the feeder link delay of LEO
satellite. The simulation results show that, compared with the
benchmark method, the proposed scheme can significantly im-
prove throughput and reduce disconnections without increasing
delay excessively. This ensures the stability and reliability of
real-time post-disaster SA.

Index Terms—situational awareness, unmanned aerial vehi-
cles, low Earth orbit satellites, TOPSIS, handover

I. INTRODUCTION

During disasters, the ground network infrastructures, in-
cluding most base stations (BSs) and power equipment, are
often damaged. As a result, they cannot provide communi-
cation services, and it is difficult to recover within a short
time [1]. Unmanned aerial vehicles (UAVs) can be employed
as flying BSs to provide communication services for disaster
area [2]. However, due to the limitation of UAVs’ battery
capacity, this solution cannot provide long-duration services
to users. This issue can be overcome by tethered UAVs (TU-
AVs), which facilitate fiber optical backhaul communication
and long endurance by connecting to emergency response
vehicles below via fiber optic cables [1].

In practice, effective post-disaster situational awareness
(SA) is crucial for post-disaster rescue operations [3]. Since
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UAVs are flexible and not limited by the destruction of
ground roads, post-disaster SA can be performed by UAVs
with cameras, which can be used as mobile sensing plat-
forms (MSPs) [4]. SA is typically achieved by data collec-
tion and wireless backhaul [3]. A post-disaster emergency
communications network consisting of LEO satellites and
TUAV-BSs can support multi-user access [1]. However, the
inherent high latency of LEO satellites and the constrained
bandwidth of TUAV-BSs pose challenges to handover (HO).
Due to the high data rate and low latency requirements of
sensing data, MSPs are likely to handover to an inappropriate
network during movement. This causes excessive latency and
disconnection during the data backhaul process. In particular,
it is crucial to ensure that sensing data is transmitted from
MSPs to the emergency management center with low latency
and high reliability. This can greatly improve the efficiency
of rescue operations and reduce the damage of disasters
to people’s lives and property. Therefore, it is of great
significance to devise an effective HO scheme to ensure
reliable and stable real-time SA in disaster areas.

In the event of a sudden disaster where most BSs are
damaged, promptly establishing an emergency communica-
tion network can significantly reduce the loss of lives and
property. The deployment delay of UAVs was minimized in
[2], which ensures timely emergency communication services
to be provided to the affected citizens. The work in [5] aimed
to address the challenge of processing a large amount of
situational information collected by ground terminals (GTs),
and investigated multiple collaborative UAVs computation
offloading issues with the goal of minimizing computational
delay. However, due to the constrained power and bandwidth
of UAVs, it is not sufficient to consider a single network
of UAVs. The LEO-UAV architecture was proposed in [6],
which investigated a scenario in which the UAV-BS provides
communication services for people, where the UAV-MEC
provides computing services for GTs, and the wide coverage
characteristics of LEO satellite can provide cloud computing.
The authors maximized the energy efficiency of the system by
jointly optimizing resource allocation and UAVs trajectories.
Considering the challenge of the short battery life of UAVs,
the authors in [7] proposed a satellite-aerial architecture
including high-altitude platforms (HAPs) and one LEO satel-



lite. Nevertheless, it is prone to cause network load imbalance
in the space-air network, which leads to decreased quality
of services (QoS). In [8], the authors investigated the user
network selection problem in LEO-UAVs network, which is
modeled as an evolutionary game problem that well-balanced
the space-air network, thereby ensuring the QoS in the post-
disaster area.

Although there have been many studies about the emer-
gency communication system built by satellites, UAVs, and
HAPs in post-disaster scenarios, most researchers focused
on providing communication and computation services to
ground users and terminals, often neglecting aerial users.
Furthermore, the HO problem faced in the process of post-
disaster SA is almost ignored. To the best of our knowledge,
the HO problem in heterogeneous network when MSPs
conduct post-disaster SA has not been studied. In this paper,
we propose a TOPSIS-based [9] vertical HO scheme for
SA in post-disaster scenarios. The main contributions of this
paper are summarized as follows.

o For disaster SA conducted by MSPs, we consider the
high data rate demand of uplink and the time-sensitive
nature of the sensing task. An AHP-Entropy and TOP-
SIS (AE-TOPSIS) scheme is proposed to make vertical
HO decisions to ensure reliable and stable real-time
disaster SA.

« For high-speed moving LEO satellites, the Iridium-based
parameters are used in this work [10]. Meanwhile, a
satellite-ground distance calculation method is proposed
based on the Mean Value Theorem for Integrals [11],
which characterizes the effect of the satellite movement
on the system.

o The proposed method is evaluated by simulation. Nu-
merical results show that, compared with the RSS-
based method [12] and the Entropy weighting-TOPSIS
method, the method proposed in this paper can obtain
a higher throughput without increasing delay, and can
greatly reduce the disconnection rate of the transmission.

II. SYSTEM MODEL

After a disaster occurs, we consider an emergency scenario
in which most terrestrial BSs and power equipment are
destroyed, as shown in Fig. 1. We assume there are K TUAV-
BSs hovering in the air with a fixed height H. They provide
wireless coverage for K victim clusters in the area. The
number of people in each cluster varies and is denoted as
n; for the ith cluster, i € {1,2,...,k}. The numbers of all
k clusters are collected in a set N' = {ny,...,n;}. Victim
clusters and TUAV-BSs are distributed following Poisson
cluster distribution. Considering a LEO satellite covers the
area for a finite time horizon 7', while one MSP moves
along a randomly generated trajectory within the area during
T to conduct the SA task. Vertical HO occurs when the
MSP passes through the overlapping coverage of TUAV-BSs
and the LEO satellite. To ensure a reliable and low-latency

sensing data transmission, the MSP needs to connect to a
suitable network.
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Fig. 1. Schematic diagram of SA in the disaster scenario
A. UAV Trajectory

Assuming the period 7' is discretized into M equal time
slots, indexed by m = 1, ..., M. Without loss of generality,
we consider the use of a 3D Cartesian coordinate system
in this model. The location of the MSP can be represented
as plm| = (x[m], y[m], z[m]), while TUAV-BSs’ coordinate
can be denoted as py, = (zk, Yk, 2k ). Assuming that the speed
of MSP in the z, y, and z directions can be independently
controlled. And the maximum speeds are V5., V¥ . and
V% .. respectively. V., Vi, and V, are randomly generated
from O to their maximum value. The start point of MSP
is randomly generated in the area, after M time slots, a

trajectory is generated.

B. Channel Model

In this paper, we consider the MSP connect to TUAV-
BS or the LEO satellite via Air-to-Air (A2A) channel and
Air-to-Space (A2S) channel respectively. According to the
non-terrestrial networks (NTN) channel models in 3GPP
TR 38.811 [13], different carrier frequencies have different
ionospheric attenuation, tropospheric attenuation, and atmo-
spheric gas attenuation, all of which impact the NTN path
loss.

1) A2A Channel Model: Most of the buildings in the area
are destroyed due to the disaster, so the A2A channel will be
line-of-sight (LOS) communication link. We adopt a channel
fading model with free-space path loss. With this channel
model, the path loss between MSP and kth TUAV-BS at slot
m is

6]

4 frdm ¢
c

PLm,k = <

where c is the speed of light, fi is the carrier frequency
of TUAV-BS k, ¢! = 2 is the path loss exponent, d,, ; =
V(@lm] = x)? + (ylm] = y)? + (2[m] — 2,)? is the dis-
tance between MSP to kth TUAV-BS at slot m.

2) A2S Channel Model: Since LEO satellites are always
moving at high speeds, each LEO satellite can only maintain
communications for about few minutes with the users in its
coverage [13]. The distance for A2S link varies based on
different elevation angles. We consider the Iridium commu-
nication satellite in this paper, which has an inclination of




86.4° [10], and it can cover almost the entire Earth’s surface.
As shown in Fig. 2, we assume that when ¢t = 0, the elevation
angle from the ground station to the LEO satellite is 6 = 0,,,;,.
At this time, the satellite has the maximum distance to the
ground station D = D,,4,. During the movement of the
satellite along its orbit, when t:%T, and the subsatellite point
of the satellite coincides with the ground station. Hence the
elevation angle is 0 =0,,4, = %w. The distance between the
satellite and ground is minimal D = D,,,;, = hg, where hg
is the height of the LEO satellite. Applying cosines law and
simplifying, the distance between the satellite and the ground
station can be expressed as [13]

D = /(R sin0)? + 13 +2ho R — Rpsind  (2)

where Rp is Earth radius, 6 is the elevation angle. Applying
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Fig. 2. Space-ground distance during LEO satellite movement

the Mean Value Theorem for Integrals to obtain the average
distance from space to ground during the movement of the
satellite, which can be represented by

Omax
D= ;/ (\/(RE sin0)2+ h%+2h0RE—RE8in0)d9
ema:n*gmin 0
(3)

Iridium satellite parameters are used in this paper, and the
carrier frequency of the satellite is L-band [10], which has
a high capacity to penetrate the atmosphere and rainwater.
Therefore for A2S channel, we adopt a channel fading
model by integrating free space path loss and Ionospheric
scintillation loss. Meanwhile, we assume the ground station
is close to the affected area. Hence d, =~ D, where d; is the
average distance from the satellite to the area during period
T'. The path loss for A2S link is

J— '52
PL, = (@) ) )

where f, is the carrier frequency of the LEO satellite, (>
is the path loss exponent, /; is the Ionospheric scintillation
loss caused by the effect of Ionospheric scintillation on the
wireless signal.

min

C. Transmission Model

In the coverage of a LEO satellite and TUAV-BSs, and
vertical HO may occur during the mobility of the MSP. The
traditional method cannot meet the vertical HO as it only
considers one attribute. Hence, it is important to adopt a HO
scheme that considers multiple criterion to ensure reliable
and stable real-time post-disaster SA. This section analyzes

the metrics of each network that affect the data transmission
performance of the MSP, including received signal strength
(RSS), data rate, and latency.

1) Received Signal Strength: For A2A link, the RSS from
MSP to kth TUAV-BS at slot m is

RSSmJC = Pi_)u + Gz + GZ — PLm,k ®))
where P!

. 1s the transmit power from MSP to TUAV-BS,
PL,, . is the path loss of this link, G, and G are the
antenna gains of transmitter and receiver. Since the limited
payload capacity of UAVs, G!, and G, are set to 0 here. For
A2S link, the RSS between MSP and satellite is

RSS,=P' . +G' +G" — PL, (6)

u

where PLg is the path loss of the A2S link, P._,  is the
transmit power from MSP to the LEO satellite, G, is the
receiver antenna gain of the satellite. Note that, the satellite
can carry antennas with sufficiently large antenna gain to
overcome large path loss due to long propagation distance.

2) Data Rate: We assume that the bandwidth resource of
different networks is divided equally among the users served.
Different TUAV-BSs adopt different frequencies in this paper.
In other words, the interference between different TUAV-BSs
can be avoided. For A2A link, the signal carrier-to-noise ratio
between MSP and kth TUAV-BS at slot m is

P GG
SNR — U—u U u 7
"k T K T ByPLm M
where B, is the bandwidth allocated to the MSP after
By

connecting to TUAV-BS £, and its value is By = Fovt
where By is the total bandwidth of each TUAV-BS. Kp is
Boltzmann constant and 7 is the system noise temperature.
For A2S link, the signal carrier-to-noise ratio is
Pt GTGT
K.T.BsPL, ®
pLtsDS s

where Bg is the bandwidth of the LEO satellite. According
to the Shannon formula, the data rate for the A2A link and
A2S link are calculated as

Ry, x = Biloga(14+ SNRy, 1) )

Rs = Bsloga(1 + SNRy) (10)

3) Delay: For the LEO satellite network, the total delay
consists of fronthaul uplink and feeder link delay, and each
link delay includes transmission delay and propagation delay.
To reduce feeder link delay, we assume that the mobile
edge computing is carried on the LEO satellite in this paper.
Once the satellite receives a large amount of data transmitted
from the MSP, it is compressed and processed, and then
forwarded to the ground station by feeder link. In this way,
the transmission delay of the feeder link can be ignored.
Hence the total delay of the LEO satellite is
Pa  2ds

R + c
where P4 is the size of transmission data packet.

For A2A link, we only need to consider transmission delay,

thereby the total delay of A2A link can be expressed as

P
bk = R'rfk :

SNR, =

ts = an




III. HANDOVER STRATEGY BASED ON
SUBIJECTIVE-OBJECTIVE WEIGHTING AND TOPSIS

In the process of SA in this paper, the MSP moving
through the coverage areas of the LEO satellite and some
TUAV-BSs, will choose a suitable network to connect. The
traditional RSS-based scheme, which only considers a single
criterion, often results in the MSP connecting to a nearby
TUAV-BS that cannot provide the required data rate. There-
fore, there is a great possibility of transmission failure, which
consequently affects the rescue tasks. The multi-attribute
decision making (MADM) [12] method can utilize multiple
criterion of the heterogeneous network to make decisions,
which can realize effective HO to ensure highly reliable,
stable and low-latency SA in the post-disaster areas.

A. Establishment of MADM Matrix

The first step of the MADM-based vertical HO is to
establish an MADM decision matrix based on candidate BSs.
The MSP measures RSS from the neighboring TUAV-BSs.
If the RSS exceeds a threshold, then these TUAV-BSs are
considered as candidate BSs. In this paper, RSS, data rate
and delay are used as criterion for vertical HO. Hence, the
decision matrix A can be represented by

ailr a2 Qaiq

A= : : 12)

where p is the number of candidate BSs, p = 0,1,--- , K,
and ¢ is the number of attributes, ¢ = 1,--- , 3, represent-
ing RSS, data rate, and delay attributes respectively. a;;
represents the jth attribute value corresponding to the ith
candidate.

Since different attributes have different scales, they are all
normalized. Data rate and RSS are benefit types of attributes,
which are the higher the better, so they are normalized by
(13). Delay is the cost type of attribute, which is the lower
the better, so it is normalized by (14).

aij — mjin(aij)

o 1
diy max(ai;) — min(a;;) (13)
j j

maz(a;;) — aij

dij =

(14)

max(ai;) — min(a;;)
J j

B. Calculate the Attribute Weight

In MADM, attribute weights are used to quantitatively
represent the importance of attributes, which can be deter-
mined by either subjective weighting or objective weighting.
However, both methods are one-sided. In order to make better
trade-offs between the RSS, data rate and delay, this paper
integrates the subjective and objective weighting methods to
obtain more comprehensive attribute weights.

1) Compute Weight Based on Entropy Method: The en-
tropy method can be used to calculate objective weights for
attributes. The weight of each attribute is obtained directly
from the decision matrix.

Step 1: The decision matrix after normalization is used
to calculate the proportion of the jth attribute in the ¢th
candidate BS out of the total candidate BSs, which can be
calculated by p;; = ,,7(] =1,2,..,9).

Then the entropy of the 7th attribute can be obtained by
e; = —kxY_%_ pijin(p;ij), where k is the coefficient, and the
value is . The deviation of the jth attribute is g; = 1—¢;.
Higher value indicates the attribute is more significant.

Step 2: The objective weight of the jth attribute can be
obtained by w§ = s~ 9

2) Calculate Wezgizt Based on AHP Method: AHP is an
effective subjective weighting method that has been widely
used in MADM problems [12]. The AHP-based weighting

calculation process is explained in the following.

Step 1: A pair-wise comparison matrix can be constructed
according to Satty’s 9-1 scale rule [14]. The more important
the attribute, the larger the number it corresponds to. These
numbers range from 1-9. Therefore, the pair-wise comparison
matrix can be described as

T11 Ti2 -+ Tig
T21 T2 vt T2q

P=1 . . X . (15)
Lql  Tgq2 - Tgg

where x;; is the relative importance of the ith attribute
compared to the jth attribute, which can be obtained from
Saaty’s importance scale rule [14]. When ¢ = j, z;; = 1, and
when i # j, x; = o

Step 2: The maximum eigenvalue \,,,, can be obtained
by det(P — I\) = 0, where I is the unit matrix.

Step 3: The consistency of the pairwise comparison is
checked to ensure the constructed pair-wise comparison
matrix is reasonable and consistent. The consistency index
(CI) can be obtained by CI = Amafml—q, where ¢ is the
number of attributes. Therefore the consistency ratio (C'R)
can be calculated by CR = %, where RI is the random
consistency index [14]. If CR < 0.1, it illustrates that the
pair-wise comparison matrix is accepted.

Step 4: The subjective weights can be calculated by

PW® = ApaaW*

S S S (16)
W? = (wy, ..,u)q)T

where W? is the subjective weight vector.

3) Compute the Combination Weight: To better trade off
the multiple attributes of the candidate network, this paper
integrates the subjective and objective weights of attributes to
obtain the comprehensive weight, which is w; = awj + pwy,
where o and 3 are the weight coefficients, and we take o =
B = 0.5 in this paper.

C. Rank Candidate BSs Based on TOPSIS

After obtaining the comprehensive weight of attributes,
rank the candidate BSs according to TOPSIS and select the



Algorithm 1 Handover Scheme Based on AE-TOPSIS
1: initialize the decision matrix A and weights w;
2: for each m € [1, M] do
3 if RSS,, < RSSihreshola then

4: the MSP connect to the LEO satellite

5 else

6: construct decision matrix A based on candidate BSs,
and normalized it by (13) and (14)

7: get objective weights w? = Z?ﬁijl o

8: get subjective weights by (16), and obtain compre-
hensive weights by w; = aw; + fwy

9: Ty = dj#, after calculating the relative proximity
of all candidate BSs, get vector R

10: HO, = argmeaxR(i), choose the maximum value

corresponding to the candidates as target BS
11:  end if
12: end for

highest ranked BS as the new HO target, which includes the
following steps.

Step 1: Calculate the weighted normalized decision matrix.
Each element of the normalized decision matrix is weighted,
so we get v;; = w;dy;, @ = 1,2,..p, j = 1,2,...q, as the
element of the weighted normalized decision matrix V.

Step 2: Obtain the positive ideal solution V*+ and the

negative ideal solution V'~ based on the weighted normalized
decision matrix V/, the ideal solutions are given as

V*:{OmmmﬂjeJ*xmnmaljeJﬂ}
i1EP 1€
— {vf, vl )
v = {(maIVu €07, (minVis | j € J*)}
i€p 1€Ep
= {vf,...,vg}

where J7 is the attributes set with positive impact, J~ is the

attributes set with negative impact.
Step 3: Obtain the Euclidean distance by (19) and (20)

an

(18)

q

df = | > (dij —v}))? (19)
j=1
q

di = | Y (dij —v;)? (20)
Jj=1

where d is the Buclidean distance of each candidate from
positive ideal solution V*, and d; is the Euclidean distance
of each candidate from negative ideal solution V ~.

Step 4: Compute the relative proximity to the ideal solu-

tions, which can be calculated by r; = dfT
Step 5: All the candidates are ranked based on their relative
proximity to the ideal solution in increasing order. The top

one is selected as the target, that is, HO; = argmazR(1),
tEp

where R is the ranking vector.

IV. SIMULATION AND PERFORMANCE ANALYSIS

In this section, we present simulation results in terms
of system sum rate, delay, HO, and disconnection ratio to
evaluate the performance of the HO scheme of the MSP in
a post-disaster area. We assume a 1000mx1000m scenario.
To avoid interferences between different TUAV-BSs, each
TUAV-BS is assigned to an orthogonal sub-channel with an
equal bandwidth of IMHz at 2GHz bands. The Iridium-based
constellation parameters are used in this paper. The details
of rest parameters based on [10] [13] are given in the Table
L

TABLE 1
SIMULATION PARAMETERS
Parameter Value Parameter Value
T 10min M 200
c 3 x 108 m/s V2 = 10m/s
V7 oz 10m/s V72w Sm/s
Omin 8.2° ho 780km
Rp 6371km fs 1.6GHZ
Bs 10MHZ Pftﬁu 23dBm
quﬁs 33dBm Ts 300K
[ 30dBi l; 7dB

Fig. 3 evaluates the overall sum rate and average delay
for different HO schemes. The average system delay is
obtained by dividing the total delay by the total time slot
M. The figure on the left shows the average delay results
of four schemes, i.e. satellite, AE-TOPSIS, Entropy-TOPSIS
(E-TOPSIS) [15], and baseline. In the satellite scheme, the
MSP always connects to the LEO satellite. And the baseline
scheme is the RSS-based HO. It can be observed that the
satellite-based scheme incurs the largest delay among the four
schemes, significantly more than the other three schemes.
The scheme proposed in this paper has only a slight increase
compared to the baseline scheme, which has the lowest delay.
The right figure shows the system sum rate results utilizing
the four schemes, and shows that the scheme proposed in
this paper is significantly higher than the baseline scheme
and also slightly higher than the E-TOPSIS scheme, while
slightly lower than the satellite scheme which has the highest
sum rate. Therefore, a good trade-off between delay and sum
rate has been achieved.
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Fig. 3. System sum rate and average delay of different schemes

Fig. 4 depicts the system HO and disconnection ratio of
the three schemes. HO ratio is defined as Rgp = N]’;’Io,
where Npo is the number of HO for the MSP during

the flight, and the disconnection ratio can be calculated by




Rais = tais/T, where tg;, is the time of disconnection. When
the MSP handover to a TUAV-BS, if the newly connected
TUAV-BS cannot achieve the required data rate, that is
Ryew < Rinreshold, then it will cause the disconnection.
Since the MSP needs to transmit a large amount of rate-
demanding sensing data, including high-definition video, etc.,
here we set the Ripresholq t0o 6Mbps. It can be seen that
the scheme proposed in this paper reduces the HO number
and disconnection ratio compared to the baseline scheme.
Besides, the scheme also outperforms E-TOPSIS. With the
baseline scheme, the MSP may switch to a nearby TUAV-BS
during flight. If the TUAV-BS has served a larger number
of users, and thus it is impossible to provide sufficient
bandwidth to the MSP. Note, in general, TUAV-BSs typically
offer higher data rates for downlink than for uplink, which
makes it difficult to meet the high demand for uplink data
rates required by the MSP.

0.7 1 m AE-TOPSIS
06 1 OE-TOPSIS
' Baseline
0.5

2 04+
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Fig. 4. System HO and disconnection ratio of different schemes

Fig. 5 compares the overall sum rate and disconnection
ratio of the three schemes considering different packet sizes.
It can be clearly seen that the proposed scheme is markedly
better than the baseline scheme for all packet sizes, and
slightly better than the E-TOPSIS scheme. LEO satellites
have a larger bandwidth and large antenna gain compared
to TUAV-BSs, resulting in better transmission rates for A2S
links than that of the TUAV-BSs. However, the propagation
delay of the A2S link is too high, which results in much
higher transmission delay compared to the A2A links. As
the packet size increases, the transmission delay of different
links is affected, and we can observe that the total delay
of the A2S link gradually approaches to or is even lower
than that of the A2A link, which affects the HO strategy and
ultimately the performance of the system. The performance
of the baseline method shows fluctuations with insignificant
change, as the baseline method neglects the data rate and
delay of system performance metrics.

V. CONCLUSION

In this paper, we propose a TOPSIS-based vertical HO
method to ensure reliable and stable real-time post-disaster
SA. Specifically, we model the MSP HO as a MADM prob-
lem, considering the RSS, delay, and data rate requirements
of the post-disaster SA. The comprehensive weights of the
system attributes are obtained by subjective and objective
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Baseline 28 Baseline
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Sum Rate (Gbps)
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Fig. 5. System performance of different packet sizes

weighting methods. Subsequently, the TOPSIS algorithm is
applied to rank candidate BSs. The simulation results demon-
strate that the proposed scheme can significantly reduce the
disconnection ratio and increase the throughput of the MSP
without compromising much the delay during post-disaster
SA operations. This further improves the efficiency of post-
disaster rescue operations.
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