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Abstract. As global climate change intensifies, urban waterlogging disasters oc-

cur frequently, posing unprecedented challenges to emergency rescue work. Un-

manned boat technology is gradually becoming an emerging force in urban flood 

rescue due to its unique advantages in risk substitution, perception enhancement 

and efficiency improvement. Aiming at the problem of unmanned vessel rescue 

effectiveness management, this paper constructs an evaluation system that inte-

grates the balanced scorecard and key performance indicators, and uses the ana-

lytic hierarchy process to determine the indicator weights. Through case simula-

tion analysis, the bottlenecks of unmanned ships in human-machine collabora-

tion, communication links, and autonomous intelligence were revealed, and a 

systematic optimization management method was proposed from the three di-

mensions of action plan collaboration, dynamic scheduling, and continuous opti-

mization. The research results have theoretical guiding significance for improv-

ing the technical management capabilities and resource allocation efficiency of 

emergency rescue organizations. 

Keywords: unmanned boatst, urban floodingt, effectiveness evaluationt, opti-

mized managementt, emergency rescue 

1 Introduction 

In recent years, due to the dual impact of global climate change and accelerated urban-

ization, urban waterlogging disasters caused by extreme rainfall events have become 

increasingly frequent. The traditional rescue model mainly relies on manned vehicles 

such as assault boats and rubber boats. In complex urban submerged environments, it 

faces outstanding challenges such as high environmental risks, limited rescue effi-

ciency, and insufficient response time. Rescuers operating in turbid and rapid waters 

not only face huge risks to their own safety, but are also limited by naked eye observa-

tion and manual operations, making it difficult to achieve large-area rapid searches and 

precise material delivery. 

Unmanned boat technology provides a new way to solve this dilemma. Its platform 

is unmanned, has diversified perceptions, and operates intelligently, enabling structural 

transfer of risks[1]. The "Defiant" unmanned vessel developed by the U.S. Defense 
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Advanced Research Projects Agency has demonstrated its long-term autonomous op-
eration capabilities in the field of maritime security. The design guide for military un-
manned craft issued by Korea Classification Society systematically sorts out key tech-
nical elements such as autonomous navigation, communications, and mission equip-
ment. Domestically, the successful demonstration of the Yunzhou Intelligent L25 un-
manned boat in Port Klang, Malaysia, verified its operational stability and multi-sensor 
integration capabilities in complex sea areas. 

However, converting unmanned boat technology into reliable rescue capabilities 
faces a core management issue: how to scientifically evaluate and continuously opti-
mize its rescue effectiveness? Currently, rescue organizations have common problems 
in the management of unmanned vessels such as lack of evaluation standards, discon-
nection between technical indicators and mission requirements, and unclear optimiza-
tion directions. Some research and development excessively pursue extreme parameters 
such as speed and endurance, but ignore complex geographical restrictions such as nar-
row streets and low bridges in urban waterlogging scenarios, resulting in the contradic-
tion of "outstanding technical indicators and insufficient scene applicability". 

Based on this, this article is based on the actual needs of emergency management 
and aims to build a systematic unmanned vessel effectiveness evaluation and optimiza-
tion management system. By combining strategic management tools with systems en-
gineering methods, we provide rescue organizations with a complete theoretical frame-
work and management tools from evaluation to optimization, and promote the substan-
tial transformation of unmanned vessels from "technical verification" to "efficiency 
generation". 

2 Effectiveness Evaluation System Construction 

2.1 Evaluation Dimension Design and Index Extraction 

This study creatively transformed the balanced scorecard strategic management frame-
work, combined with the public safety attributes of emergency rescue, to form four 
evaluation dimensions[2]: 

Resource utilization and cost-effectiveness dimension (derived from the BSC "fi-
nancial" dimension and the CBA cost core concept[3]): Measuring the economy and 
resource usage efficiency of the unmanned vessel system in performing rescue mis-
sions, the core is to examine the relationship between the full life cycle cost and the 
comprehensive benefits generated. 

Rescue effect and user satisfaction dimensions (derived from BSC's "customer" di-
mension and CBA's core concept of effectiveness[3]): directly measure the final output 
and value creation of rescue missions, and evaluate mission success from the perspec-
tives of direct service objects and task assigners. 

Mission execution and equipment management dimension (derived from the BSC 
"internal business process" dimension): Focusing on the quality, stability and reliability 
of the internal operation process of the unmanned vessel system is the intrinsic founda-
tion and process guarantee for achieving excellent rescue results. 
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Learning and technological innovation dimension (derived from the BSC "Learning 
and Growth" dimension): Focuses on the long-term development capabilities and
adaptability of the unmanned vessel system and its operating team, and measures the 
organization's potential to use knowledge accumulation to drive continuous improve-
ment of the system. 

Based on the connotation of the above four dimensions, closely combining the scene 
characteristics and task processes of urban waterlogging rescue, and using the SMART 
principle, 13 key performance indicators were extracted, as shown in Table 1. 

Table 1. Index system table 

Dimensions 
Key Performance

Indicators (KPIs) 

Indicator definition(reflec-

tion of SMART principle) 
Calculation method  

Task cycle time   

The total time taken from the

moment the mission system

receives the command to the

moment the ship returns to

the base, completes basic

maintenance (such as charg-

ing, simple cleaning) and re-

ports the "ready for deploy-

ment again" status. 

The total time taken from the moment the mis-

sion system receives the command to the mo-

ment the ship returns to the base, completes 

basic maintenance (such as charging, simple 

cleaning) and reports the "ready for deployment 

again" status. 

 

 

 

 

 

Resource Utili-

zation and

Cost-Effective-

Energy consumption 

ratio per unit voyage 

The ratio of the total energy

consumption of the power

system to the total sailing

distance in a single mission. 

Total power consumption recorded by the bat-

tery management system (kWh) / Accumulated 

mileage recorded by the navigation trajectory 

(km). In complex environments (such as multi-

ple obstacles and countercurrents), segmented 

recording and analysis are required. 

 

 

 

ness 

Task cost-benefit ra-

tio 

The ratio of the total cost of

a single task to the standard-

ized task performance value. 

Total cost of a single task / Total task effective-

ness. 

Quantitative logic: 

- Total cost = equipment depreciation + energy 

consumption + maintenance + communication 

+ labor cost. 

- Effectiveness value = number of standard

boxes of materials successfully delivered × 0.3 

+ number of personnel successfully located and 

reported × 0.7. The weight coefficient (0.3/0.7) 

is based on the "life first" principle and is deter-

mined through historical data and the expert 

Delphi method, and can be calibrated later. 

 

Rescue effect 

and user satis-

faction 

Target person discov-

ery rate  

The proportion of the num-

ber of trapped persons suc-

cessfully identified and lo-

cated to the total number of

(number of people successfully identified and 

located / actual total number of trapped people 

verified afterwards) × 100%. Verification

method: Post-facto cross-verification through 

subsequent arrival of rescue forces, feedback 
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Dimensions 
Key Performance

Indicators (KPIs) 

 Indicator definition(reflec-

tion of SMART principle) 
Calculation method  

actually confirmed trapped 

persons. 

from the masses, fusion of multi-source infor-

mation, etc. 

Emergency material

delivery success rate  

The ratio of the number of 

material deliveries that were 

successfully delivered and 

confirmed receipt to the total 

number of delivery attempts. 

 

(number of successful deliveries / total number 

of attempted deliveries) × 100%. 

Success criteria: The material falls within the 

target area (such as balcony, roof) and has not 

been washed away by water, and is confirmed 

by airborne video or receiver signal (such as 

waving). 

Average emergency

response time  

In multiple missions, the av-

erage time from receiving the 

order to the shipboard system 

confirming arrival at the 

edge of the target operating 

area. 

 

Σ (i-th task arrival time - i-th task instruction 

time) / number of tasks n. 

Arrival confirmation: Automatically determine 

by combining GNSS positioning data and front-

facing camera recognition of landmark build-

ings/geographical features in the target area. 

Autonomous naviga-

tion mission comple-

tion rate  

The proportion of the system 

that completes the scheduled 

flight segment without man-

ual intervention in the preset 

autonomous mode. 

(accumulated mileage in autonomous mode/to-

tal mileage of the mission) × 100%. 

Manual intervention determination: If the oper-

ator manually takes over control for more than 

10 consecutive seconds or performs path re-

planning, it will be counted as intervention. 

Mission execu-

tion and equip-

ment manage-

ment 

Obstacle avoidance

success rate  

 

The ratio of the number of 

obstacles successfully

avoided to the total number 

of obstacles encountered. 

(number of successful evasions / total number 

of encounters) × 100%. 

Definition of encounter and success: 

- Encounter: The obstacle enters the safe dis-

tance warning range preset by the sensing sys-

tem. 

- Successful avoidance: The system actively

plans and executes the obstacle avoidance path 

without manual intervention, so that the boat 

body and obstacles can pass at a safe distance. 

Communication link

availability  

During the task, the propor-

tion of time when the com-

munication signal strength 

and quality are higher than 

the available threshold. 

 

(time when signal quality is above threshold / 

total task time) × 100%. 

Quantization threshold: The quantification

threshold is clearly defined according to the

communication protocol used (such as 4G/5G, 

radio), for example: the signal strength under 

the 4G network is > -100 dBm, and the bit error 

rate is < 1e-5. 

Equipment mission

integrity rate  

 
At any given point in time, 

the number of ships that are 

ready for dispatch accounts 

(number of dispatchable boats / total number of 

organized boats) × 100%. 

"Ready for dispatch" standards: sufficient en-

ergy (power >90%), no first-level fault alarm, 



 

 

 

 

 

standardization of special situation handling. 
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Dimensions 
Key Performance

Indicators (KPIs) 

 Indicator definition(reflec-

tion of SMART principle) 
Calculation method  

for the proportion of the total 

establishment. 

and all key sensors (navigation, perception,

communication) passing self-test. 

New obstacle recog-

nition model training

cycle  

The average period from col-

lecting new valid samples of 

unknown obstacles to devel-

oping, testing and deploying 

effective recognition algo-

rithms. 

 

Σ (i-th model deployment time - i-th sample col-

lection time) / number of iterations n. 

Effective sample/model standards: Samples

must be annotated by experts and incorporated 

into the test set; the recognition accuracy (mAP) 

of the new model on the test set must be in-

creased by more than 5% without the risk of 

Learning and

technological 

innovation 

 Operator simulation

training assessment

pass rate  

 

In a standardized assessment 

that simulates complex wa-

terlogging scenarios, the 

number of qualified opera-

tors accounts for the propor-

tion of the total number of 

participants in the assess-

ment. 

 

(number of people who passed the assessment / 

total number of people who participated in the 

assessment) × 100%. 

Assessment standardization: The assessment

scenarios need to cover typical special situa-

tions such as communication interruption,

emergency obstacle avoidance, and equipment 

failure. The scoring is based on the task comple-

tion time, rationality of path planning, and

false positives. 

Number of value

points extracted from

task  

 

After each task, through sys-

tematic data playback and 

analysis, the average number 

of effective insights that can 

be extracted to improve algo-

rithms, strategies or training. 

 

(total number of value points extracted / total 

number of tasks analyzed). 

Value point definition: It needs to be clearly de-

fined, for example: discovering a new obstacle 

type, locating a communication blind spot, opti-

mizing a common path to shorten the voyage by 

5%, identifying the false alarm mode of a sensor 

under specific weather, etc. 

In terms of resource utilization and cost-effectiveness dimensions, time is the most 
precious resource. The task cycle time indicator directly determines the speed of rescue 
response and the turnover efficiency of equipment. Shortening the cycle means that 
more rounds of tasks can be performed per unit time, which is the core efficiency indi-
cator to improve the overall rescue throughput. Energy supply in waterlogged areas is 
extremely difficult. The Energy consumption ratio per unit voyage indicator directly 
measures the energy utilization efficiency of the power system under real load. It is a 
key input for evaluating mission endurance, planning mission radius, and optimizing 
speed and path algorithms. Transform economic considerations from a conceptual
framework into a quantitative tool. The task cost-benefit ratio indicator provides a uni-
fied input-output analysis basis for the selection of different equipment and the priori-
tization of different action plans, driving resource allocation optimization and refined 
cost management. 

In terms of rescue effect and user satisfaction dimensions, the primary goal of rescue 
is to "find people." The target person discovery rate indicator is a direct reflection of 
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the search and reconnaissance effectiveness of unmanned boat sensing systems (such 
as optics and thermal imaging) in complex environments. It is the premise and founda-
tion of all subsequent rescue operations. "Saveable" is a direct means of maintaining 
life. In the island rescue scenario, accurate delivery is the core task. The emergency 
material delivery success rate indicator directly reflects the final quality of the entire 
execution chain from navigation, control to end delivery. Responsiveness is a lifeline. 
The average emergency response time indicator is the core of measuring the agility of 
the entire rescue system (from command to execution) and is of decisive significance 
for suppressing the deterioration of the disaster and seizing the "golden window period" 
for rescue. 

In terms of mission execution and equipment management dimensions, autonomy is 
a core value of unmanned boats. A high completion rate means high reliability and 
intelligence, which can greatly reduce the operator's burden, ensure that tasks continue 
to be executed in extreme situations such as communication interruptions, and improve 
system robustness. The urban waterlogged underwater environment (such as sub-
merged vehicles, railings) is extremely complex. Obstacle avoidance is the first level 
of safe navigation and mission execution. The Obstacle avoidance success rate indica-
tor directly reflects the performance and reliability of environmental perception, real-
time computing and intelligent decision-making algorithms. The urban building envi-
ronment severely affects signal blocking and multipath effects. Stable communication 
is the guarantee for maintaining "human-in-the-loop" control and transmitting key in-
telligence in real time. The communication link availability indicator directly measures 
the system's survival and connectivity capabilities in complex electromagnetic environ-
ments. The equipment mission integrity rate indicator reflects the reliability of the 
equipment system and the efficiency of the maintenance support system. A high integ-
rity rate is the basis for ensuring the continuity of rescue forces and responding to sud-
den reinforcement requests, and is the key to generating and maintaining combat effec-
tiveness. 

In terms of learning and technological innovation dimensions, the disaster environ-
ment is extremely uncertain, and new obstacles (such as specific floating objects) that 
have not been seen during training are bound to appear. The New obstacle recognition 
model training cycle indicator measures the adaptive, rapid iteration and evolutionary 
capabilities of the technical team and system, and is directly related to the potential for 
improving future task performance. People are the most flexible and fragile link in the 
system. The operator simulation training assessment pass rate indicator is the core basis 
for measuring the effectiveness of the personnel training system and selecting qualified 
operators. It directly determines the effectiveness and safety of "human-machine col-
laboration" in actual high-pressure tasks. Data is the fuel for optimization and innova-
tion. The number of value points extracted from task indicator promotes the formation 
of a closed loop of "task-analysis-improvement" and quantitatively measures the or-
ganization's learning ability, knowledge management level and technological innova-
tion efficiency. It is the source of driving the continuous evolution of the system. 



 

100             X. Li and L. Nie

2.2 AHP-based Evaluation Model 

The analytic hierarchy process was used to determine the weight of each indicator, and 
100 expert groups from emergency rescue command, unmanned system technology, 
emergency management and other fields were invited to conduct pairwise comparisons 
of the relative importance between indicators and construct a judgment matrix[4]. 

Judgment matrix A-B: 

AAB=(

1
5.200
6.600
3.250

   

0.192
1

3.150
0.317

   

0.152
0.317

1
0.192

   

0.308
3.150
5.200

1

) 

Judgment matrix B1-C: 

AB1=(
1 2.900 3.100

0.345 1 1.050
0.323 0.952 1

) 

Judgment matrix B2-C: 

AB2=(
1 3.200 5.400

0.313 1 3.300
0.185 0.303 1

) 

Judgment matrix B3-C: 

AB3=(

1
0.952
3.25
3.15

   

1.050
1

3.100
2.95

   

0.308
0.323

1
0.952

   

0.317
0.339
1.050

1

) 

Judgment matrix B4-C: 

AB4=(
1 0.303 3.400

3.300 1 5.500
0.294 0.182 1

) 

Calculation process (square root method): 
In the first step, calculate the row geometric mean: 

Mi=(∏ aij
n
j=1 )

1/n
 (1) 

Among them: 
Mi is the geometric mean of the i-th row, aij is the element of the i-th row and j-th 

column in the matrix, n is the number of columns in the row (that is, the number of 
elements), ∏ aij

n
j=1  means to multiply all n elements of the i-th row, and finally take 1/n 

to the power, that is, to open the nth root. 
In the second step, normalize to obtain the weights: 
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Wi=
Mi

∑ Mk
n
k=1

 (2) 

Among them: 
Wi is the final weight of the i-th element, Mi is the geometric mean of the i-th row 

(from the calculation result of the first step), ∑ 𝑀𝑀𝑘𝑘
𝑛𝑛
𝑘𝑘=1   is the sum of the geometric mean 

of all rows 𝑀𝑀1, 𝑀𝑀2,...,𝑀𝑀𝑛𝑛, and n is the number of rows of the matrix (that is, the number 
of elements). 

The third step, consistency check: 
First, calculate the product of the judgment matrix and the weight vector W to obtain 

a new vector AW. 
Next, calculate the approximate value of  λMAX: 

λMAX= 1
n
∑ (AW)i

Wi

n
i=1   (3) 

Among them: 
λMAX is the approximate value of the maximum eigenvalue of the judgment matrix, 

n is the order of the matrix (that is, the number of rows/columns of the judgment matrix, 
and the number of elements), A is the original judgment matrix (n×n square matrix), W 
is the weight vector (n×1 column vector), obtained from the first two steps (geometric 
mean + normalization), (AW)i is the i-th component of the vector AW, and Wi is the i-
th component of the weight vector. 

Then, calculate the consistency index CI: 

CI= λMAX−n
n−1

 (4) 

Among them: 
CI is the consistency index, λMAX is the maximum eigenvalue of the judgment matrix 

(calculated from the previous step), and n is the order of the judgment matrix (that is, 
the number of comparison elements).  

This formula is used to quantify the degree to which the judgment matrix deviates 
from consistency.In AHP, if the decision maker's judgment is completely consistent, 
then the maximum eigenvalue λMAX=n. When it is judged that there is inconsistency, 
λMAX>n. 

Finally, query the average random consistency index RI and calculate the con-
sistency ratio CR: 

CR= CI
RI

 (5) 

Among them: 
RI  (Random Index) is obtained by looking up the table, which is a statistical average 

obtained through a large number of random experiments. 
The purpose of the CR formula is to eliminate the impact of matrix order on con-

sistency judgment and provide a standardized consistency measure. CI measures the 
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degree of inconsistency of the "actual judgment matrix", RI measures the expected de-
gree of inconsistency of the "random matrix of the same order", and CR indicates how 
many times the actual inconsistency is the random inconsistency. 

When CR<0.1, the judgment matrix passes the consistency test and the weight cal-
culation result is acceptable[4]. 

After calculation and consistency test, the comprehensive weight of each indicator 
is obtained, as shown in Table 2. 

Table 2. Unmanned vessel effectiveness evaluation index system and AHP weight distribution 
table 

Target 
layer 
(A) 

Criterion layer 
(B) and weight 

Indicator layer (C)-Key 
performance indicators  

Relative B
layer weight 

Comprehen-
sive weight 

Sort 

B1: Resource C1: Task cycle time   0.600 0.032 8 
Utilization and 
Cost-Effective-

C2: Energy consumption ra-
tio per unit voyage 

0.205 0.011 11 

ness 
0.054 

C3: Task cost-benefit ratio 0.195 0.011 13 

B2: Rescue ef-
C4: Target person discovery 
rate  

0.650 0.172 3 

fect and user 
satisfaction 

C5: Emergency material de-
livery success rate  

0.254 0.067 7 

A: Com-
prehensive 

0.264 C6: Average emergency re-
sponse time  

0.096 0.253 10 
effective-
ness of un-

C7: Autonomous navigation 
mission completion rate  

0.121 0.068 6 
manned 
vessels in 

B3: Mission ex-
ecution and

C8: Obstacle avoidance suc-
cess rate 

0.122 0.069 5 
urban flood
rescue 

equipment 
management 

 
C9: Communication link 
availability  

0.387 0.219 1 
0.565 

C10 : Equipment mission in-
tegrity rate  

0.370 0.209 2 

B4: Learning 
C11: New obstacle recogni-
tion model training cycle  

0.252 0.029 9 

and technologi-
cal innovation 

C12: Operator simulation 
training assessment pass rate 

0.655 
 

0.077 4 

0.117 C13: Number of value points 
extracted from task  

0.094 0.011 12 

The weight ranking shows that communication link availability rate (0.219), equip-
ment mission integrity rate (0.209) and target personnel discovery rate (0.172) are the 
three indicators with the highest weight, reflecting the core status of ensuring commu-
nications, maintaining equipment reliability and discovering trapped personnel in res-
cue missions. The results accurately grasped the value sequence of "guarantee prior to 
execution, discovery prior to rescue, and reliability prior to economy" in flood rescue, 
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providing scientific decision-making priorities for the rescue organization's unmanned 
vessel management. 

3 Performance Bottleneck Diagnosis 

3.1 Simulation Scenario Construction: Based on the Background of the 
Rescue case in a Residential area during the "7·20" Heavy 
Rainstorm in Zhengzhou 

This simulation scenario refers to typical scenarios of waterlogging disasters in a large 
domestic city in recent years. The background of the scenario is as follows: Heavy 
rainstorms caused urban rivers to overflow their banks, causing severe waterlogging in 
many residential areas. The average water depth was 2.5 meters, and the deepest depth 
exceeded 4 meters. The water flow is rapid and the underwater environment is complex, 
filled with a large number of submerged private cars, shared bicycles, garbage bins and 
other obstacles. Public network communications were intermittently interrupted and 
power supply was paralyzed. The headquarters received a distress message that a large 
number of residents in an old community were trapped in high-rise buildings. Water 
and power had been cut off for more than 12 hours, and the situation was critical[5]. 

In t : his context, two rescue plans are set for comparative simulation
Plan A (mainly traditional mode): Mainly rely on rescuers to drive an assault boat 

for rescue. Due to the deep water, fast currents and numerous obstacles, it was difficult 
for the assault boat to move. The propeller was repeatedly entangled with underwater 
debris, causing the rescue to be interrupted. At night, due to limited lighting and visi-
bility, rescue operations basically came to a standstill. The search for trapped persons 
mainly relies on shouting and visual observation, which is inefficient. 

Plan B (human-machine collaboration mode): Dispatch 1 medium-sized unmanned 
ship (equipped with dual-light gimbal, forward-looking sonar, and material delivery 
capabilities) and 2 assault boats to form a mixed formation. The unmanned boat goes 
first and is responsible for hydrographic reconnaissance and obstacle detection on the 
core route to the target community, and planning a relatively safe navigation path for 
the assault boat behind. After arriving at the community, the unmanned boat used ther-
mal imaging to quickly scan the building facade, initially locate the gathering point of 
the trapped people, and transmit the information back. Subsequently, based on the com-
mander's decision, the unmanned vessel delivered the first batch of emergency supplies 
(drinking water, compressed biscuits) to some easy-to-deliver windows, while the as-
sault boat concentrated its efforts on rescuing the elderly, weak, sick, and disabled peo-
ple who needed immediate relocation. 

3.2 Performance Evaluation and Comparative Analysis 

Use the constructed AHP comprehensive evaluation model to quantitatively evaluate 
the performance of the two solutions under the same task scenario. See Table 3 and 
Table 4 for details. The data comes from historical case reports, equipment performance 
parameters, and experts’ reasonable estimates of missing data. 
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Table 3. Comparison of effectiveness evaluation of Plan A and Plan B 

Crite-
rion 
layer  

Indica-
tor layer 

Plan A
Score 

Plan B
Score 

Performance improvement analysis  

C1 65 75 
The forward reconnaissance of unmanned ships avoids 
blind exploration and malfunctions of assault boats and 
shortens the overall mission cycle. 

B1 C2 70 68 
The additional energy consumption of unmanned vessels 
makes this slightly lower, but it is an acceptable price to 
pay for improving overall performance. 

C3 60 78 
Plan B successfully delivered a large amount of materials 
and located more personnel, and the overall benefits were 
significantly improved. 

C4 55 85 

Core enhancement items. Thermal imaging has great ad-
vantages at night and in complex backgrounds, and it can 
discover a large number of trapped points that are diffi-
cult to detect with the naked eye. 

B2 
C5 50 80 

Core enhancement items. The unmanned ship's approach 
to delivery avoids the difficulty of the assault boat turning 
around in a narrow space, and its accuracy is greatly im-
proved. 

C6 70 75 
Preliminary reconnaissance allows the main rescue force 
to go straight to the topic, and the response speed is im-
proved. 

C7 
not appli-
cable 72 

Under complex water flows, the autonomous navigation 
algorithm still needs to be optimized, and there is a cer-
tain amount of manual intervention. 

C8 60 75 
Sonar effectively detected underwater threats and
avoided multiple potential collisions, but it was still in-
sufficient to identify small rope-type obstacles. 

C9 50 65 
There are still challenges in urban canyons, but un-
manned ships serve as relay nodes and improve internal 
communication within the formation to a certain extent. 

C10  70 85 
Unmanned ships undertake the most dangerous early 
stage reconnaissance, reducing the risk of damage to 
manned equipment. 

C11 not appli-
cable 

70 This mission discovered a variety of new obstacle types, 
providing data for subsequent model optimization. 

B4 C12  60 70 
Operators have shown a lack of ability to handle complex 
situations in actual combat, and training needs to be 
strengthened. 

C13 
not appli-
cable 75 

The entire mission video and sensor data provide valua-
ble material for subsequent action plan analysis and algo-
rithm optimization. 

Overall 
perfor-
mance 
score 

 

61.2 76.8 
The overall performance of Plan B is increased by ap-
proximately 25.5%, proving the effectiveness of the hu-
man-machine collaboration model. 



 

 

C6 
About 15-20% 

shorter 

The unmanned vessel conducts first reconnaissance, allowing the main 

rescue force to go straight to the confirmed trapped point, reducing the 

blind search time in the early stage. 
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Table 4. Core data estimation in simulation deduction (Option B: Human-machine collabora-
tion mode) 

Criterion 

layer  

Indicator 

layer 

Simulated data/es-

timate basis 
Data sources and explanations 

C1 
About 25-30% 

shorter 

Based on the forward reconnaissance of the unmanned vessel, a safe path 

is planned for the assault boat, avoiding delays caused by path exploration 

and fault repair. 

B1 C2 
Unmanned boat: 0.8-

1.2 kWh/km 

The estimation is based on the public technical parameters (range and 

speed) of the WD160 multifunctional unmanned ship and other products. 

C3 
Improved by about 

30% 

Theoretical estimation through cost-benefit analysis framework. Due to 

the increase in the number of successfully delivering materials and locat-

ing personnel, the overall benefits have been significantly improved. 

C4 
Increased from

~55% to ~85% 

Historical cases show that traditional methods are inefficient at night or in 

complex backgrounds. The unmanned ship's dual-light gimbal (visible 

light + thermal imaging) can effectively find trapped points that are diffi-

cult to detect with the naked eye. 

B2 
C5 

Increased from

~50% to ~80% 

During the deduction, the unmanned ship can deliver near the window, 

which avoids the difficulty of the assault boat turning around in a narrow 

space, and the delivery accuracy is less affected by the water flow. 

C7 About 70-75% 

In complex water flow and obstacle environments, the autonomous navi-

gation algorithm still needs to be optimized, and some sections require 

manual intervention to ensure safety. 

C8 About 75% 

With the help of forward-looking sonar, underwater obstacles can be ef-

fectively detected, but identifying and avoiding small obstacles such as 

fishing nets and ropes is still a challenge. 
B3 

C9 About 65% 

The urban "canyon" environment severely blocks signals. Although there 

is a risk of interruption, unmanned ships can serve as relays to improve 

internal communications within the formation. 

C10  About 85% 

Unmanned ships undertake the most dangerous early stage reconnais-

sance, reducing the risk of damage to manned equipment. Its carbon fiber 

material also provides better impact resistance. 

C11 About 2-4 weeks 

The estimate is based on the typical engineering cycle required from col-

lecting new obstacle data to iteratively upgrading the algorithm after a 

mission. 

B4 C12  About 70% 

Initial operators did not handle complex situations adequately. The data 

emphasizes that strengthening targeted simulation training is crucial to 

improving human-machine synergy. 

C13 5-10 per mission 

Refers to the number of effective insights that can be extracted through 

task review for optimizing algorithms, strategies or training, such as new 

obstacle types, optimal approach paths, etc. 
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Through comparative analysis, it can be clearly seen that Plan B has achieved a qual-
itative leap in core rescue effects such as target discovery and material delivery under 
the human-machine collaboration mode. However, the simulation also exposed many 
bottlenecks in the current application stage of unmanned ships. 

First, the stability of the communication link is insufficient. The communication link 
availability score is only 65 points, which is the primary shortcoming that restricts per-
formance. In the urban "canyon" environment, buildings block wireless signals, causing 
unmanned ships to often lose connection when entering the back of the building, caus-
ing mission interruption and affecting the commander's real-time perception of the 
frontline situation. Second, the level of autonomous intelligence is limited. The auton-
omous navigation task completion rate (72 points) and obstacle avoidance success rate 
(75 points) indicate that unmanned vessels still require frequent operator intervention 
in dynamically changing rapids and complex obstacle environments. Its algorithm has 
insufficient ability to understand and respond to unstructured environments (such as 
floating plastic bags and half-floating furniture). Third, the human-machine collabora-
tion process is not smooth. The collaboration between the rescuers operating the un-
manned boats and the rescuers driving the assault boats mainly relies on voice commu-
nication, and the information sharing efficiency is low. The safe path detected by the 
unmanned vessel needs to be verbally described to the kayak pilot, which involves the 
risk of information attenuation and misinterpretation. Fourth, the environmental adapt-
ability of the equipment needs to be improved. In the later stages of the mission, the 
performance of the unmanned ship's sensors (especially the optical cameras) declined 
due to long periods of working in rain. When the power system copes with long-term 
top current navigation, the endurance is also shorter than expected. 

4 Performance Optimization Management Strategy 

4.1 Optimization of Human-machine Collaborative Action Plan 

Break through the limitation of thinking that unmanned ships are simply regarded as 
"tool replacement" and build an efficient collaboration system of "human decision-
making advantages + machine execution expertise"[6]. 

The first is to establish a "reconnaissance-decision-action" visual closed loop, build 
an integrated command platform, integrate multi-source data obtained by unmanned 
vessel reconnaissance in real time, and automatically generate structured intelligence 
layers such as "reconnaissed safe passages" and "suspected personnel hot spots" on the 
electronic map. Based on this visual situation, the commander can directly plan and 
issue recommended routes for the manned assault boat, upgrading the information flow 
from "voice description" to "data instructions". Research shows that this optimization 
can improve the communication link availability rate to 80 points and the target per-
sonnel discovery rate to 90 points. 

The second is to clarify the division of "manned/unmanned" responsibilities. Un-
manned ships should undertake repetitive, high-risk, data-driven tasks such as "wide-
area reconnaissance, precise positioning, preliminary delivery, and risk detection";
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while manned assault boats focus on "final connection and personnel transfer in com-
plex environments" and other tasks that require flexible human judgment and emotional 
interaction. This specialized division of labor can give full play to their respective ad-
vantages and improve overall rescue efficiency. 

The third is to develop the "mothership + swarm" action plan. In response to large-
scale search and rescue needs, explore an action plan in which a larger manned com-
mand boat serves as the "mothership" and controls multiple small unmanned vessels to 
form a "swarm". The mothership is responsible for global command and data fusion, 
while the swarm is dispersed to perform large-area rapid searches. Experiments show 
that this action plan can increase search efficiency by 3-5 times, and is especially suit-
able for life detection in large-scale submerged areas. 

4.2 Dynamic Task Planning and Resource Scheduling Optimization 

The urban waterlogging situation changes rapidly and static task plans are difficult to 
adapt to, so a dynamic optimization mechanism needs to be introduced. 

The first is dynamic path planning based on real-time situation. The path planning 
of unmanned ships should not be one-time. Its control system should be able to receive 
and integrate real-time obstacle information reported from other unmanned ships,
drones and even front-line personnel, dynamically update the electronic map, and re-
plan the optimal path to the target point online. The British Royal Navy has verified the 
effectiveness of dynamic path planning in complex waters during the "Sidewinder" un-
manned boat exercise[7]. 

The second is the dynamic software definition of multi-mission loads. In the future, 
unmanned ships should be modularized to carry different mission loads. The command 
system can perform "task redistribution" within the ship group based on real-time mis-
sion requirements. For example, when communications in a certain area are interrupted, 
an unmanned ship completing a search mission can be instructed to switch to commu-
nication relay mode and fly to the designated area to provide temporary network cov-
erage. This dynamic scheduling can greatly improve the utilization flexibility of limited 
equipment resources[8]. 

4.3 Continuous Performance Optimization Mechanism based on PDCA 
Cycle 

Optimization is not a once-and-for-all solution; a closed-loop management mechanism 
for continuous improvement must be established. Integrate the classic PDCA cycle into 
the training and mission system of unmanned ships[9]. 

P (Plan): Before each task, based on the evaluation indicator system, set the key 
indicator target values expected to be achieved for this task. 

D (Execution): Execute the rescue mission and rely on the data collection system to 
record the original data of various KPIs throughout the process. 

C (Check): After the task is completed, review immediately. Use the evaluation 
model to calculate the actual performance score, compare it with the planned target, 
and analyze the reasons for the gap. 
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A (process): Based on the review conclusion, take targeted improvement measures. 
If it is an operational process problem, the rescue manual will be revised and targeted 
training will be strengthened; if it is a technical bottleneck, clear technical improvement 
requirements will be proposed to the R&D department; if it is an equipment configura-
tion problem, the equipment composition will be adjusted. The results of processing are 
used as the "plan" input for the next cycle. 

Returning to the simulation scenario again, apply strategies such as human-machine 
collaboration, dynamic optimization, and PDCA cycles to Plan B, and conduct a round 
of "after optimization" deductions to quantitatively demonstrate the potential value of 
the optimization theory by comparing the performance changes before and after opti-
mization. 

Under the same rescue scenario in residential areas, the optimized strategies were 
applied: First, using an integrated command platform, the unmanned vessel reconnais-
sance data generated a visual situation map in real time, and the commander directly 
planned the route for the assault boat. The second is to implement dynamic communi-
cation guarantee. In areas with weak communication signals, an unmanned vessel is 
pre-deployed or dynamically dispatched as a communication relay node. The third is to 
strengthen targeted training. Operators have undergone simulation training based on 
historical cases and become more familiar with complex obstacle avoidance and emer-
gency procedures. 

Based on this optimization, the scores of key indicators are estimated, as shown in 
Table 5. 

Table 5. Comparison of key indicator scores before and after optimization 

Key Perfor-
mance Indica-
tors  

Score before 
optimization 
(Plan B) 

Estimated 
score after
optimization 

 Analysis of reasons for improvement 

C9 65 80 
The introduction of dynamic relay strategy and anti-inter-
ference algorithm significantly improves communication 
stability in key areas. 

C4 85 90 
Improved communications allow unmanned ships to con-
duct deeper reconnaissance in blind spots; improved plat-
form stability brings clearer images. 

C7 72 82 
Through algorithm iteration of historical obstacle data 
through PDCA cycle, autonomous obstacle avoidance
and track tracking capabilities are enhanced. 

C5 80 88 
Dynamic path planning enables it to find a safe approach 
path faster; platform control algorithm optimization im-
proves hover stability. 

C1 75 85 
Thanks to more efficient collaborative processes and
more reliable autonomous navigation, the overall mission 
pace is accelerated. 

C12 70 85 
Special simulation training subjects developed based on 
review have greatly improved the operator's ability to 
handle special situations. 

Estimated 
overall perfor-
mance score 

76.8 86.5 
It is expected that the overall performance can be im-
proved by another 12.6%, reaching the "excellent" level. 
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5 Conclusion 

This study aims at the effectiveness management of unmanned vessels in urban flood 
rescue, and constructs a theoretical system integrating evaluation and optimization, 
providing practical management tools and methodological support for rescue organiza-
tions. First, it reveals the "paradigm shift" value of unmanned boats in urban flood res-
cue. Through the transfer of risk structure, leap in perception dimension and reshaping 
of organizational model, unmanned ships provide an effective way to break through the 
traditional rescue dilemma. Second, a performance evaluation system based on BSC-
KPI-AHP integration was constructed. This system successfully integrates the technical 
performance, action plan effect and strategic value of unmanned vessels, and provides 
a quantitative basis for rescue organizations' equipment selection, action plan optimi-
zation and training assessment. Third, through simulation analysis, the four major bot-
tlenecks of communication links, autonomous intelligence, human-machine collabora-
tion and equipment adaptability were accurately identified, pointing out the direction 
for optimization work. Fourth, a systematic optimization strategy of "solution-technol-
ogy-management" is proposed. Through human-machine collaborative action plans, 
dynamic scheduling mechanisms and PDCA cycles, a complete management closed 
loop from evaluation to optimization is formed. 

In addition, the results of this study have clear management implications for emer-
gency rescue organizations. In terms of equipment management, procurement evalua-
tion standards based on performance indicators should be established, and equipment 
with the best overall performance rather than outstanding individual indicators should 
be given priority. In the design of action plans, a standardized human-machine collab-
orative operation process should be developed to ensure that the advantages of un-
manned and manned forces complement each other. In terms of personnel training, 
training subjects should be designed around key performance indicators to accelerate 
the cultivation of high-quality operation and command talents. In terms of organiza-
tional learning, task review and data mining mechanisms should be established to pro-
mote the continuous evolution of rescue capabilities[10]. 

Future research can continue to deepen in the following directions: First, explore in-
depth simulation and testing based on digital twins, build a high-fidelity virtual water-
logging environment, and provide a safe and economical "testing ground" for action 
plan innovation and algorithm testing[11]. Second, study the cross-domain collabora-
tion mechanism of unmanned ships, drones, and unmanned vehicles to achieve an inte-
grated "air-water-ground" intelligent emergency rescue network[12]. Third, develop in-
telligent decision-making and adaptive learning algorithms for complex scenarios to 
improve the autonomous capabilities of unmanned ships in unstructured environ-
ments[13]. Fourth, promote the standardization of the unmanned vessel effectiveness 
evaluation system, establish common testing standards and benchmark databases in the 
industry, and guide the healthy development of technology[14]. 
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which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
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