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Table S1 List of Abbreviations in Alphabetical Order 

Description Abbreviation 

Average energy consumption. AEC 

Average reservoir level violation. ALV 

Average pressure violation. APV 

Average pressure variation violation. APVV 

Deep reinforcement learning. DRL 

Federated Learning. FL 

Long short-term memory. LSTM 

Personalized Federated Learning. PFL 

Personalized Federated Learning based LSTM. PFL-LSTM 

Personalized Federated Learning based MAAC. PFL-MAAC 

Personalized Federated Learning based Multi-Agent Attention Deep 

Reinforcement Learning. 
PFL-MAADRL 

Reinforcement learning. RL 

Multi-actor-attention-critic. MAAC 

Multi-agent Attention DRL. MAADRL 

Multi Water-intake pumping station. MWIPS 

Water Distribution Network. WDN 

Water Distribution Networks. WDNs 

Water-intake pumping station. WIPS 

Water-intake pumping stations. WIPSs 
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Table S2 List of Parameter Description 

 

Description Parameter 

Time slot index. 𝑡 

Time slot length (h). 𝜏 

Water-intake pumping station index. 𝑖 

Total number of time slots per episode. 𝑇 

Total number of Water-intake pumping stations. 𝑁 

The upper limit of the reservoir level of WIPS 𝑖.. 𝑙𝑖
𝑚𝑎𝑥 

The lower limit of the reservoir level of WIPS 𝑖. 𝑙𝑖
𝑚𝑖𝑛 

The upper limit of the water intake of WIPS 𝑖. 𝑄𝑖
𝑚𝑎𝑥 

The lower limit of the water intake of WIPS 𝑖. 𝑄𝑖
𝑚𝑖𝑛 

The limited value of main pipe pressure changes of WIPSs. 𝑝𝑣
𝑚𝑎𝑥 

The upper limit of the main pipe pressure of WIPS 𝑖. 𝑝𝑖
𝑚𝑎𝑥 

The lower limit of the main pipe pressure of WIPS 𝑖. 𝑝𝑖
𝑚𝑖𝑛 

The WIPS energy consumption at slot t of WIPS 𝑖. 𝚽𝒊,𝒕 

The weights of actor network. 𝜃 

The weights of critic network. 𝜓 
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Table S3 The main experimental parameters 

 

 

Parameter Value Parameter Value 

𝑝𝑣
𝑚𝑎𝑥 0.10MPa Y 50000 

𝑝1
𝑚𝑎𝑥 0.36MPa 𝐾𝑡𝑒𝑠𝑡 1440h 

𝑝1
𝑚𝑖𝑛 0.13MPa 𝜏 1h 

𝑝2
𝑚𝑎𝑥 0.31MPa 𝑇𝑢𝑝𝑑𝑎𝑡𝑒 1h 

𝑝2
𝑚𝑖𝑛 0.18MPa 𝑄𝑖

𝑚𝑖𝑛 5000m3/h 

𝑝3
𝑚𝑎𝑥 0.38MPa b 32 

𝑝3
𝑚𝑖𝑛 0.08MPa 𝑁𝑎 128 

𝑙1
𝑚𝑖𝑛 0.9m 𝑁𝑐 128 

𝑙1
𝑚𝑎𝑥 2.9m 𝑏𝑢𝑓𝑓𝑒𝑟𝑠𝑖𝑧𝑒  19200 

𝑙2
𝑚𝑖𝑛 1m 𝐵𝑠𝑖𝑧𝑒 120 

𝑙2
𝑚𝑎𝑥 5m 𝜑 0.1 

𝑙3
𝑚𝑖𝑛 1m 𝜉 0.001 

𝛼𝑎 

𝛼𝑐 

0.001 

0.001 

𝑙3
𝑚𝑎𝑥 

𝑄𝑖
𝑚𝑎𝑥 

4.2m 

13000m3/h 
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Table S4 RB Schemes 

Schemes Rule-1 Rule-2 

𝜖𝑖/𝑚3 200 400 
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Fig. S1 Performance details among all schemes for WIPS 3. 

 

Fig. S1 Performance details of among all schemes for WIPS 3. 
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Fig. S2 Robustness performance of the proposed algorithm for 

MWIPS. 

 

(a) AEC                                            (b)APV 

 

 (c)ALV                                      (d)APVV 

Fig. S2 Robustness performance of the proposed algorithm for MWIPS. 
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Equation. S1 

𝑟1,𝑖,𝑡(𝑠𝑡−1, 𝑎𝑡−1) = Φ𝑖,𝑡 (𝑆1) 

 

Equation. S2 

𝑟2,𝑖,𝑡(𝑠𝑡) = {[𝑙𝑖,𝑡 − 𝑙𝑖
𝑚𝑎𝑥]

+
+ [𝑙𝑖

𝑚𝑖𝑛 − 𝑙𝑖,𝑡]
+

} (𝑆2) 

 

Equation. S3 

𝑟3,𝑖,𝑡(𝑠𝑡) = {[𝑝𝑖,𝑡 − 𝑝𝑖
𝑚𝑎𝑥]

+
+ [𝑝𝑖

𝑚𝑖𝑛 − 𝑝𝑖,𝑡]
+

} (𝑆3) 

 

Equation. S4 

𝑟4,𝑖,𝑡(𝑠𝑡−1, 𝑎𝑡−1) = [|𝑝𝑖,𝑡 − 𝑝𝑖,𝑡−1| − 𝑝𝑣
𝑚𝑎𝑥]

+
(𝑆4) 

 

Equation. S5 

𝑅𝑖,𝑡 = − (𝑟1,𝑖,𝑡(𝑠𝑡−1, 𝑎𝑡−1) + 𝛼𝑖,1𝑟2,𝑖,𝑡(𝑠𝑡) + 𝛼𝑖,2𝑟3,𝑖,𝑡(𝑠𝑡) + 𝛼𝑖,3𝑟4,𝑖,𝑡(𝑠𝑡−1, 𝑎𝑡−1)) (𝑆5) 

 

Equation. S6 

                                ℒ𝑄(𝜓) = ∑ 𝐸(𝑜,𝑎,�̃�,𝑟)~𝐷 [(𝑄𝑖
𝜓(𝑜, 𝑎) − 𝑦𝑖)

2
]                                                  (𝑆6)

𝑁

𝑖=1
 

 

Equation. S7 

𝑦𝑖 = 𝑟𝑖(𝑜, 𝑎) + 𝛾𝐸�̃�𝜖𝜋�̅�
[−𝜑 log 𝜋�̅�𝑖

(�̃�𝑖|�̃�𝑖) + 𝑄𝑖
�̅�(�̃�, �̃�)] (𝑆7) 

 

Equation. S8 

∇𝜃𝑖
𝐽(𝜃) = 𝐸𝑜~𝐷,𝑎~𝜋 [∇𝜃𝑖

log (𝜋𝜃𝑖
(𝑎𝑖|𝑜𝑖)) 𝜌𝑖 (𝑜𝑖 , 𝑎𝑖)] (𝑆8) 

 

Equation. S9 

𝜌𝑖(𝑜𝑖 , 𝑎𝑖) = −𝜑 log (𝜋𝜃𝑖
(𝑎𝑖|𝑜𝑖)) + 𝑄𝑖

𝜓(𝑜, 𝑎) − 𝑏(𝑜, 𝑎\𝑖) (𝑆9) 
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Equation. S10 

𝐴𝐸𝐶 =
1

𝐾𝑡𝑒𝑠𝑡
∑ Φ𝑖,𝑡

𝐾𝑡𝑒𝑠𝑡

𝑡=1
(𝑆10) 

 

Equation. S11 

𝐴𝑃𝑉 =
1

𝐾𝑡𝑒𝑠𝑡
∑ {[𝑝𝑖,𝑡 − 𝑝𝑖

𝑚𝑎𝑥]
+

+ [𝑝𝑖
𝑚𝑖𝑛 − 𝑝𝑖,𝑡]

+
}

𝐾𝑡𝑒𝑠𝑡

𝑡=1
(𝑆11) 

 

Equation. S12 

𝐴𝑃𝑉𝑉 =
1

𝐾𝑡𝑒𝑠𝑡
∑ [|𝑝𝑖,𝑡 − 𝑝𝑖,𝑡−1| − 𝑝𝑣

𝑚𝑎𝑥]
+𝐾𝑡𝑒𝑠𝑡

𝑡=1
(𝑆12) 

 

Equation. S13 

𝐴𝐿𝑉 =
1

𝐾𝑡𝑒𝑠𝑡
∑ {[𝑙𝑖,𝑡 − 𝑙𝑖

𝑚𝑎𝑥]
+

+ [𝑙𝑖
𝑚𝑖𝑛 − 𝑙𝑖,𝑡]

+
}

𝐾𝑡𝑒𝑠𝑡

𝑡=1
(𝑆13) 
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Algorithm. S1 PFL Algorithm 

Algorithm. S1 PFL Algorithm 

1: Input: N clients, each holds a set of private training dataset 

2: Output: Personalized models and global model 

3: Initialize the global model 𝑊𝑔𝑙𝑜𝑏𝑎𝑙 

4: for each round t=  1,2, ⋯ , F do 

5:   Initialize the personalized model parameters 𝑊𝑙𝑜𝑐𝑎𝑙𝑖
 

6:   for each client 𝑖 in parallel do 

7:      (𝑊𝑙𝑜𝑐𝑎𝑙𝑖
, 𝑊𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖

) ⟵ 𝑪𝒍𝒊𝒆𝒏𝒕𝑼𝒑𝒅𝒂𝒕𝒆(𝑖, 𝑊𝑔𝑙𝑜𝑏𝑎𝑙) 

8:   end for 

9:   𝑊𝑔𝑙𝑜𝑏𝑎𝑙 ⟵ 𝑨𝒈𝒈𝒓𝒆𝒈𝒂𝒕𝒆(𝑁, {𝑊𝑙𝑜𝑐𝑎𝑙𝑖
|𝑖 ∈ 𝑁}) 

10: end for 

11: 𝑪𝒍𝒊𝒆𝒏𝒕𝑼𝒑𝒅𝒂𝒕𝒆(𝑖, 𝑊𝑔𝑙𝑜𝑏𝑎𝑙) 

12: 𝑊𝑙𝑜𝑐𝑎𝑙 ⟵ 𝐶𝑜𝑝𝑦(𝑊𝑔𝑙𝑜𝑏𝑎𝑙) 

13: for local iteration 𝑖 = 1,2, ⋯ 𝑃 do 

14:   for data batch 𝑏 ∈ client dataset𝑖  do 

15:      𝑊𝑙𝑜𝑐𝑎𝑙𝑖
⟵ 𝑊𝑙𝑜𝑐𝑎𝑙𝑖

− 𝛼. ∇𝑙𝑜𝑠𝑠(𝑊𝑙𝑜𝑐𝑎𝑙𝑖
, 𝑏) 

16:   end for 

17: end for 

18: 𝑊𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖
⟵ 𝑷𝒆𝒓𝒔𝒐𝒏𝒂𝒍𝒊𝒛𝒆(𝑊𝑙𝑜𝑐𝑎𝑙𝑖

, client dataset𝑖) 

19: return 𝑊𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖
 

20: 𝑨𝒈𝒈𝒓𝒆𝒈𝒂𝒕𝒆(𝑁, 𝑊𝑙𝑜𝑐𝑎𝑙𝑖
) 

21: 𝑊𝑔𝑙𝑜𝑏𝑎𝑙_𝑛𝑒𝑤 ⟵ 0 

22: for client 𝑖 ∈ 𝑁 do 

23:   𝑊𝑔𝑙𝑜𝑏𝑎𝑙_𝑛𝑒𝑤 =
1

𝑁
∑ 𝑊𝑙𝑜𝑐𝑎𝑙𝑖𝑖∈𝑁  

24: end for 

25: return 𝑊𝑔𝑙𝑜𝑏𝑎𝑙_𝑛𝑒𝑤 
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Algorithm. S2 Training Process of MAADRL-based Energy 

Scheduling Algorithm for MWIPS 

Algorithm. S2 Training Process of MAADRL-based Energy Scheduling Algorithm for MWIPS 

1: Input: The mainline pressure, reservoir water level and supplied water demand, personal model 𝑊𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖
 

2: Output: The weights of actor network and critic network (i.e., 𝜃 and 𝜓) 

3: Initialize MWIPS environment with 𝑁 agents 

4: Initialize the capacity of experience replay buffer 𝐷 

5: Initialize the weights of the actor network and the critic network are denoted by: 𝜋𝑖
𝜃and 𝑄𝑖

𝜓
 

6: Initialize the weights of the target network i.e., 𝜋𝑖
�̅�and 𝑄𝑖

�̅�
 

7: Initialize the weights of the personal model 𝑊𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖
  

8: for episode = 1,2, ⋯ 𝑌 do  

9:   Reset environment and receive initial observation 𝑜𝑖,1 for all agents 

10:  for 𝑡 = 1,2, ⋯ 24 do 

11:    Select actions 𝑎𝑖,𝑡~𝜋𝑖
𝜃(∙ |𝑜𝑖,𝑡) for each agent 𝑖 and execute them 

12:   Each agent 𝑖  gets new state 𝑜𝑖,𝑡+1 and reward 𝑟𝑖,𝑡+1  from the MWIPS scheduling simulation 

environment 

13:    Store transitions (𝑜𝑡, 𝑎𝑡 , 𝑜𝑡+1, 𝑟𝑡+1) in 𝐷 

14:    if 𝐾𝑚𝑒𝑚𝑜𝑟𝑦 ≥ 𝐵𝑠𝑖𝑧𝑒 and mod (𝑡, 𝑇𝑢𝑝𝑑𝑎𝑡𝑒) do 

15:       Sample 𝐵𝑠𝑖𝑧𝑒 transitions (𝑜, 𝑎, �̃�, 𝑟) from 𝐷 

16:       Calculate 𝑄𝑖
𝜓

(𝑜𝑖
𝑐 , 𝑎𝑖

𝑐) for all agents, 𝑜𝑖
𝑐 and 𝑎𝑖

𝑐 denote the cth 𝑜𝑖 and 𝑎𝑖 of the 𝐵𝑠𝑖𝑧𝑒 transition, 

1 ≤ c ≤ 𝐵𝑠𝑖𝑧𝑒  

17:       Calculate �̃�𝑖
𝑐~𝜋𝑖

�̅�(�̃�𝑖
𝑐) and 𝑄𝑖

�̃�
(�̃�𝑖

𝑙 , �̃�𝑖
𝑙) for observation and action tuple 𝑐 and agent 𝑖  

18:       Minimize the joint regressive loss function (S6) to update critic network 

19:       Calculate 𝑎𝑖
𝑐~𝜋𝑖

�̅�(𝑜𝑖
𝑐) and 𝑄𝑖

𝜓
(𝑜𝑖

𝑙 , 𝑎𝑖
𝑙) for observation and action tuple 𝑐 and agent 𝑖  

20:       Update policies using (S8) 

21:       Update the weight parameters of target networks: 

          �̅� ← 𝜓𝜉 + (1 − 𝜉 )�̅� , �̅�  ←  𝜃𝜉 + (1 − 𝜉 )�̅� 

22:     end if 

23:   end for 

24: end for 
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Algorithm. S3 Testing Process of MAADRL-based Energy Scheduling 

Algorithm for MWIPS 

Algorithm. S3 Testing Process of MAADRL-based Energy Scheduling Algorithm for MWIPS  

1: Input: Load the weight parameters of the actor network, i.e., 𝜃 

2: Output: Action 𝑎𝑖,𝑡 for each agent at the time slot 𝑡 

3: Initialize environment for each agent, i.e., WIPS agent 

4: Initialize each agent local observation 𝑜𝑖,1  

5: for 𝑡 = 1,2, ⋯ 24 do 

6:   All agents select the action  𝑎𝑖,𝑡(1 ≤ 𝑖 ≤ 𝑁): 𝑎𝑖,𝑡~𝜋𝜃(∙ |𝑜𝑖,𝑡) 

7:   Each agent 𝑖 takes action 𝑎𝑖,𝑡  under the environment, which affects the operation of the WIPSs 

8:   Each agent 𝑖 obtains new observation 𝑜𝑖,𝑡+1 

24: end for 

 


