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In Wireless Sensor Networks (WSNs), relay sensor nodes can aggregate data from edge sensor node into a summary information

before sending to the sink. Due to the vast number of sensor nodes in a distributed edge computing (DEC) network, these relay sensor

nodes may receive a high number of aggregation requests. This increases the chance of conflicting transmissions, which further leads

to unwanted latency. Designing a conflict-free and minimal latency data aggregation schedule remains an open question. Moreover,

existing related works have been conducted in traditional WSNs. By leveraging multiple antennas, the Multiple Input Multiple

Output (MIMO) and cooperative MIMO called virtual MIMO (V-MIMO) enable broadband wireless communication, thereby improving

the performance of WSNs. However, compared with traditional WSNs, MIMO and V-MIMO introduce distinct interference models

requiring careful consideration. The work proposes a solution to an NP-hard problem, addressing three challenges: (i) interference; (ii)

latency; and (iii) dynamic changes in network topology. Firstly, to counter interference, we propose a model where multiple nodes can

simultaneously send data to the same parent by connecting different antennas. Secondly, to minimize latency, we propose a novel

distributed heuristic data aggregation scheduling method , which intertwines the construction of an optimal data aggregation tree and

conflict-free scheduling. Finally, to handle dynamic network topology changes, we propose lightweight adaptive strategies that do not

increase data aggregation latency. Simulation results and theoretical analysis demonstrate superior performance in reducing data

aggregation latency. When compared with state-of-the-art solutions, our proposed method decreases data aggregation latency by at

least 2.6× on average.
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1 Introduction

1.1 Motivation

The use of low cost sensor nodes has rapidly increased in recent years, contributing to developing smart applications

such as construction, agriculture, the medical field, defense, manufacturing, transportation, domotics, etc. [20, 23, 29,

41, 59, 60]. Often, a number of sensor nodes are connected with each other within their communication range, together

forming a wireless sensor network (WSN) [24, 37, 54]. In WSNs, a base station serves as a central hub and collects

data from all nodes via multi-hop transmissions. Sensor nodes are typically battery powered with limited energy,

consuming more energy for packet transmission than computation. Relay nodes that transmit data both from upstream

predecessor nodes as well as local sensors consume even more energy, which further exacerbates the need for energy

efficiency [30, 38, 48, 53, 55]. Moreover, large data transmissions further increase latency. Distributed edge computing

(DEC) has been employed as a computational framework in WSNs [22]. Performing data aggregation at relay nodes

(also termed DEC [11, 19, 35, 36, 39, 40] nodes) is a solution to minimize unnecessary data transmissions, thereby

saving energy. Data aggregation performs an aggregation function (e.g., sum, average, maximum, or minimum) on

data received from upstream predecessor nodes and local sensors to generate a new data packet, before transmitting to

downstream successor nodes [17, 34]. However, the number of upstream predecessor nodes competing to send their

data for aggregation leads to additional latency at their parent node.

Many real-time applications such as forest fire monitoring [49], moving target tracking [47] and road surface condition

monitoring [28, 39] for autonomous vehicles are latency-sensitive. Hence, effective communication mechanisms are

essential to achieve conflict-free and minimal latency scheduling. In conflict-free scheduling, there is no interference

between nodes transmitting data simultaneously. In contrast to traditional WSNs, the development of millimeter wave

(mmWave) communication and MIMO antennas [43], both key technologies of 5G/6G communication systems [26,

33, 44, 45], has dramatically improved the DEC’s communication capabilities [2, 15, 51, 57]. In MIMO communication

systems, a node equipped with multiple antennas can simultaneously communicate with multiple nodes using the same

time-frequency resources [32, 43, 61]. This is enabled by technologies such as beamforming, antenna arrays, space-time

coding [16, 32, 43], multiple directional communication antennas [31, 50] , and other related communication techniques.

Unfortunately, MIMO antennas have very high power consumption, complicating their use in battery-powered terminal

edge devices [14]. To that end, cooperative MIMO communication employs V-MIMO in a DEC [13, 16]. Multiple

Directional Antennas Wireless Sensor Networks make it possible to implement MIMO technology in WSN [31, 50].

Our proposed model is the same for both V-MIMO and MIMO, thus we do not distinguish them and express as MIMO.

Existing studies on minimum latency data aggregation have been conducted in various network environments, such as

WSNs [4], WSNs with multi-channel link [5], duty-cycle WSNs [10], battery-free WSNs [6], cognitive radio WSNs [7],

and energy harvesting WSNs [9]. Although the introduction of multiple antennas and MIMO can improve energy

efficiency and reduce latency to some extent, it also introduces a unique interference model. This distinctive interference

model makes existing minimum-latency data aggregation scheduling algorithms unsuitable for MIMO-enabled DEC

networks, thereby presenting new challenges. Therefore, this work focuses on minimum latency data aggregation in
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Latency-Optimized Scheduling for Data Aggregation in Distributed Edge Computing 3

DEC networks with multiple antennas and MIMO technology. Further, it is necessary to address challenges (discussed

in Subsection 1.2) that occur due to dynamically changing topology environments in DEC networks.

1.2 Challenges and Our Solutions

Minimizing data aggregation latency at DEC, assumed to employ multiple antennas and MIMO, requires a fast and

conflict-free data aggregation schedule. However, the following challenges remain:

(1) Transmission conflicts: When more than one upstream nodes try to send an aggregation request to their

parent not at the same time, a transmission conflict occurs. Effective conflict-free transmission is required to

handle the special interference model in DEC networks.

(2) Aggregation latency: Conflicts cause aggregation latency. Latency can be controlled by constructing an

optimal data aggregation tree (DAT) and then scheduling the transmissions of the nodes within that tree.

(3) Dynamic changes in network topology: Any data aggregation scheme must withstand changes in network

topology, including new nodes joining, nodes moving, or nodes and links failing.

Fig. 1 illustrates the difference between a DEC-enabledWSN and the traditionalWSN interferencemodel. In traditional

WSN (Fig. 1(a)) each node only has one antenna. Within one time slot, transmission from node 1 to node 4 thus conflicts

with transmission from node 2 to node 4, and transmission from node 2 to node 5 conflicts with transmission from

node 3 to node 5. To make matters worse, while node 2 sends data to node 5, the data also arrives at node 4, colliding

with a simultaneous transmission from node 1 to node 4.

In DEC-enabled WSNs (or DEC networks) with identical node topology, using 2 antennas and MIMO technology

leads to less conflicts. For example (shown in Fig. 1(b)), node 2 and node 3 can both send data to node 5 simultaneously,

since their transmissions are received by different antennas. In the same example, only the transmission from node 1 to

the left antenna of node 4 conflicts with the simultaneous transmission from node 2 to the left antenna of node 4.

In existing works on minimum data aggregation latency, there are two main types of methods. The first type [46, 58]

constructs a DAT and then finds the optimal scheduling within the tree. The second type [4, 5, 10] alternates between

the two or performs them simultaneously.

Inspired by above-mentioned works, we propose a novel distributed data aggregation scheduling method for

DEC networks. In our proposed method, constructing the DAT and finding conflict-free scheduling are performed

simultaneously according to the following steps:

(1) Relying on mmWave communication and MIMO, our proposed method allows multiple child nodes to simul-

taneously connect to different antennas of the parent node, sending data without transmission conflicts and

greatly reducing the latency of data aggregation.

(2) To fully utilize the communication links and the time slots to reduce data aggregation latency, each node selects

its neighbor nodes at the same level, upper level, and lower level as the parent node. It is necessary to plan an

alternate strategy for aggregating data and simultaneous scheduling based on parent node selection in order to

minimize data aggregation latency.

(3) To withstand dynamic changes in network topology, we propose adaptive strategies, consisting of the following

procedure:

(a) New nodes joining, or nodes affected by failed nodes or links, try finding a conflict-free schedule by a

direct search procedure.

(b) If this fails, a backup procedure tries to find a feasible schedule.
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(a) Traditional WSN.
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(b) DEC network.

Fig. 1. Interference models of DEC network and traditional WSN.
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Fig. 2. Data aggregation latency in a DEC networks in which each node has two antennas.

(c) If that also fails, data aggregation is rescheduled for all nodes in the WSNs.

The direct search procedure and the backup procedure require very low computation, and communication and

do not increase data aggregation latency.

1.3 Main Contributions

The proposed solutions to an NP-hard problem, addressing challenges discussed above, are partitioned in to three

solutions: (i) interference; (ii) latency; and (iii) dynamic changes in network topology. The main contributions of

proposed minimum data aggregation latency in DEC-enabled WSNs (DADEC) are as follows:
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(1) In our proposed method, to make full use of available time slots, the construction of data aggregation tree and

the conflict-free schedule are performed simultaneously.

(2) Our proposed algorithm has a latency upper bound of

(𝜉+3)×
(
𝑅
2

)
+△−4

𝑎 , where 𝑎 is the number of antennas in

each node, 𝜉 = ⌊ 2𝜋

arccos ( 1

1+𝜖 )
⌋, 𝜖 is a positive number in [0.05,1], 𝑅 is the network radius, and △ denotes the

maximum node degree.

(3) For dealingwith topology changes of DEC network, we propose lightweight adaptive strategies. The computation

and communication overhead of these strategies are small, and they do not increase data aggregation latency.

Extensive simulations show that, on average, the aggregation latency obtained through the proposed DADEC is

decreased by 7.3× compared with the smallest latency obtained by using existing methods. Compared with the best

result achieved by existing methods for DEC networks, the aggregation latency obtained by using our proposed method

is decreased by 2.6× on average.

The rest of the paper is organized as follows. We study related works in Section 2. In Section 3, we present the DEC

network model, problem definition and proof of NP-hardness. In Section 4, detailed algorithm design and theoretical

analysis are explained. In Section 5, simulation results are shown. In Section 6, we conclude the paper.

2 Background and Related work

Table 1. Comparison of existing data aggregation algorithms

Aggregate tree/Algorithm Steps Network
model Number of antennas

Centralized
vs.

distributed

SPT[12, 46], CDS[25, 58],

BSPT[42], CDS tree[52, 56] Two disjoint steps

WSNs

Single antenna

Centralized

Cluster-based tree[21],

Markov-based dynamic tree[18]

Distributed

Non-structure aggregation[4, 5]

One step

Non-structure aggregation[10] Duty-cycle WSNs

Non-structure aggregation[6] Battery-Free WSNs

Non-structure aggregation[7] Cognitive radio WSNs

Non-structure aggregation[9] Energy harvesting WSNs

Non-structure aggregation[61] WSNs

Multi-antennasOur work (Non-structure aggregation) DEC networks

Minimum latency data aggregation requires minimizing the number of time slots for conflict-free scheduling of

network nodes in a spanning tree. Two factors determine data aggregation schedule latency: the aggregation tree

structure and the scheduling algorithm. Fig. 2 illustrates a DAT where solid arrows (active links) indicate the topology,

and dashed lines are inactive links. Each node has two antennas and can thus receive two messages in the same time

slot. In Fig. 2(a), even with an optimal scheduling algorithm, the data aggregation latency is 7 time slots, because the

DAT is a randomly constructed long tree.

In contrast, in Fig. 2(b) the DAT is constructed based on a connect dominating set (CDS) [25], where the black nodes

are dominators and the gray nodes are connectors. White nodes select dominators as parents, and the connectors

(assuming at Level 𝐿, denoting the distance in hops from the sink) are used to connect two black nodes at 𝐿 + 1 level and
𝐿 − 1 level, respectively. Based on the DAT in Fig. 2(b), with an optimal schedule algorithm, data aggregation latency is

4 time slots. However, Fig. 2(c) shows an excellent aggregation tree, where data aggregation latency is 3 time slots with
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an optimal scheduling algorithm. This shows that an optimal aggregation tree and an optimal scheduling algorithm can

greatly reduce aggregation latency.

The aggregation of minimum latency data has been well studied in different types of multi-hop WSNs, including

traditional WSNs, multi-channel WSNs [4, 5, 12, 18, 21, 25, 42, 46, 52, 56, 58], Duty-Cycle WSNs [10], cognitive radio

network [7], energy harvesting WSNs [9] and battery-free WSNs [6], as summarized in Table 1. These works are also

categorized according to their degree of centralization (i.e., centralized or distributed) and the number of steps that their

method has (i.e., one step or two disjoint steps). In two disjoint steps, an aggregation tree is constructed, and then nodes

are scheduled in the aggregation tree. The one-step method constructs the tree and schedules the nodes simultaneously.

2.1 Minimum Latency Data Aggregation in WSNs

In this section, the aggregation of minimum latency data in traditional WSNs is studied and their limitations are

discussed.

Initially, we discuss centralized methods that rely on two distinct steps for the aggregation strategy. Chen et al. [12]

proved that minimum latency data aggregation is NP-hard, and proposed an approximation algorithm for shortest

data aggregation (SDA) based on the shortest path tree (SPT). The SDA algorithm is an approximation algorithm

𝑎(△ − 1), where △ is the maximum degree of nodes in the network graph. Huang et al. [25] constructed a CDS tree

based on the maximal independent set, with a first-fit scheduling algorithm to minimize the aggregation latency. In

this case, the upper bound of the method [25] is 23𝑅 + △ − 18. Malhotra et al. [42] proposed a balanced shortest path

tree (BSPT) and a ranking-based scheduling algorithm. The ranking-based scheduling algorithm is performed on the

balanced shortest-path tree to decrease the aggregation latency. Yu et al. [58] proposed a distributed data aggregation

scheduling algorithm, and aggregation scheduling is performed in CDS trees. A latency threshold considered by Yu et

al. is 48𝑅 + 6△ + 16. Based on SPT, by reducing the number of blue nodes, Ren et al. [46] proposed an algorithm for

constructing an optimized aggregation tree to reduce data aggregation latency. Wan et al. [52] proposed an optimized

CDS tree and a pipeline aggregation scheduling algorithm. Xu et al. [56] constructed an aggregation tree by using a

backbone DS and connecting other nodes to the backbone DS. The upper bound of latency is 16𝑅 + △ − 4.

Further works propose distributed methods which rely on either one step [4, 5] or two distinct steps [18, 21] for the

aggregation strategy. Guo et al. [21] proposed a distributed scheduling algorithm, based on a cluster-based aggregation

tree (Clu-DAT), to minimize aggregation latency. Gao et al. [18] proposed a distributed aggregation schedule algorithm,

based on a Markov chain. Bagaa et al. [5] proposed a distributed data aggregation algorithm called non-structured data

aggregation (NSBDA), which constructs the aggregation tree and schedules nodes simultaneously. In method NSBDA [5],

each node can flexibly choose a parent which may be at the same, lower or higher depth with it (as counted by distance

from sink). Bagaa et al. [4] proposed a distributed aggregation algorithm to minimize aggregation latency in WSNs

with multi-channel links. Similarly, NSBDA also flexibly chooses a parent which may be in the same, lower or higher

depth with it, and the construction of the aggregation tree and the node scheduling are performed simultaneously.

2.2 Minimum Latency Data Aggregation in Other WSNs

In this section, we provide literature on minimum latency data aggregation in Duty-Cycle WSNs, cognitive radio

networks, energy harvesting WSNs, and Battery-Free WSNs. Most of these works are distributed and one-step methods.

Chen et al. [10] proposed a distributed non-structure aggregation algorithm to minimize aggregation latency for

duty-cycle WSNs. The algorithm simultaneously creates a DAT and a conflict-free schedule. Chen et al. [6] proposed a

distributed algorithm to minimize aggregation latency with coverage guarantee in Battery-Free WSNs. Chen et al. [9]
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proposed a minimum latency aggregation algorithm in energy harvesting WSNs by considering residual battery level

and transmitting time and energy conflict. Chen et al. [7] proposed a non-predetermined structure scheduling algorithm

to minimize aggregation latency for cognitive radio WSNs. Chen et al. [8] proposed a scheduling algorithm to optimize

the peak age of information (AoI) by jointly considering data transmission and energy replenishment.

Kang et al. [27] proposed an unmanned aerial vehicles (UAV)-based data aggregation method to minimize the

weighted sum of the transmission energy of sensor nodes and UAV travel energy in multi-hop IoT networks. Minimizing

latency of data aggregation in multi-hop IoT networks should also be resolved. However, all the aforementioned works

studied minimum latency data aggregation in traditional WSNs. To the best of our knowledge, there has not been any

work studying minimum latency data aggregation in a DEC network. Due to being based on the Single Input Single

Output (SISO) communication model, existing works cannot properly handle the MIMO interference model in DEC

networks. The DAT as well as scheduling algorithms created by existing works are not optimal for DEC networks.

Compared with existing works, our work not only efficiently handles the MIMO interference model in DEC networks,

but also constructs better DAT and performs better scheduling algorithms.

Zhao et al. [61] proposed a distributed framework designed to achieve good scalability, extended network lifetime,

and low latency by jointly considering both MIMO and data aggregation. The framework consists of three layers: the

sensor layer, the cluster head layer, and the mobile collector layer. In this design, the mobile collector, equipped with

multiple antennas, simultaneously receives data from multiple cluster heads using MIMO technology. However, each

sensor node in their work is equipped with only a single antenna, which distinguishes their approach from ours.

3 System model and problem definition

3.1 DEC Networks

We consider a DEC networkG = ({𝑉∪𝑆}, 𝐸)where 𝑆 is the sink node,𝑉 is the set of𝑁 nodes, and 𝐸 = {(𝑢, 𝑣) | 𝑢, 𝑣 ∈ 𝑉 ,𝑢

≠ 𝑣} is the set of neighborhood relationships among the nodes. For convenience, we assume that all nodes have the

same number of antennas, i.e., 𝑀 . Moreover, the set 𝐸𝑙 =
{
(𝑢𝑖 , 𝑣 𝑗 ) | (𝑢, 𝑣) ∈ 𝐸, 𝑖, 𝑗 ∈ 𝐴

}
, where 𝐴 = {1, 2, ..., 𝑀} is the

antenna set of a node, denotes all communication links, with (𝑢𝑖 , 𝑣 𝑗 ) ∈ 𝐸𝑙 indicating that the antenna 𝑖 of node 𝑢

communicates with the antenna 𝑗 of node 𝑣 . Frequently used notations and their descriptions are summarized in Table 2.

3.2 Problem Definition

We model minimum latency data aggregation in a DEC network as a combinatorial network optimization problem.

Let 𝑁𝐵(𝑢) be the set of neighbors of node 𝑢,𝜓 an aggregation tree, and 𝑇𝑟 (G) the set of spanning trees of network G.

Further, 𝑝𝑖
𝜓
(𝑢) is the parent of node 𝑢, with 𝑖 the antenna of the parent node which the node 𝑢 connects to. 𝐶𝐻 (𝑢) is

the set of children of node 𝑢 and 𝑡 (𝑢) is the sending time slot of node 𝑢.

We define the combinatorial network optimization as follows:

𝑍 : min

𝜓 ∈𝑇𝑟 (G)
𝐷𝐴𝑇𝜓∑︁

𝑢∈𝐶𝐻𝜓 (𝑣)
𝑗∈𝐴

𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) = 1 : ∀𝑖 ∈ 𝐴;∀𝑣 ∈ 𝑉 (1)

𝑡 (𝑢) < 𝑡 (𝑝𝜓 (𝑢)) : ∀𝑢 ∈ 𝑉 (2)

𝜓 ∈ 𝑇𝑟 (G) (3)
Manuscript submitted to ACM
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Table 2. Notations and Descriptions

G Graph of the DEC.

𝑆 Sink.

𝑉 Set of nodes.

𝐴 𝐴 = {1, 2, ...𝑀} Set of antennas.
𝑁𝑏 (𝑢) Set of neighbour nodes of 𝑢.

𝐸 𝐸 = {(𝑢, 𝑣) | 𝑢, 𝑣 ∈ 𝑉 ,𝑢 ≠ 𝑣, 𝑣 ∈ 𝑁𝑏 (𝑢)}, Set of neighborhood relationship among nodes.

𝐸𝑙 𝐸𝑙 =
{
(𝑢𝑖 , 𝑣 𝑗 ) | (𝑢, 𝑣) ∈ 𝐸, 𝑖, 𝑗 ∈ 𝐴

}
, Set of all communication links.

𝜓 An aggregation tree of the DECN rooted at the sink node.

𝑇𝑟 (G) Set of all spanning trees in graph G.

𝑝𝑖
𝜓
(𝑢) parent node of node 𝑢 in aggregation tree𝜓 and the antenna i of the parent node which the node u

connects to.

𝑡 (𝑢) the transmission time slot of node 𝑢 .

𝐸𝐴𝑣 the earliest available time slot which can be use by a node 𝑢 intending to chose 𝑣 as its parent node.

𝐶ℎ𝜓 (𝑢) Set of children of node 𝑢 in aggregation tree𝜓 .

𝑁𝑏𝐿 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are on the same level with node 𝑢, 𝐿 is the level where node 𝑢 is

located.

𝑁𝑏𝐿−1 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are on the upper level of node 𝑢, 𝐿 is the level where node 𝑢 is

located.

𝑁𝑏𝐿+1 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are on the lower level of node 𝑢, 𝐿 is the level where node 𝑢 is

located.

𝑁𝑏𝑠𝑐 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are scheduled.
𝑁𝑏𝑢 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are not scheduled.
𝑁𝑏𝑢𝐿+1 (𝑢) 𝑁𝑏𝑢𝐿+1 (𝑢) = {𝑣 | ∀𝑣 ∈ 𝑁𝑏𝐿+1 (𝑢) ∩ 𝑁𝑏𝑢 (𝑢)}, Subset of 𝑁𝑏 (𝑢), where all nodes are not scheduled

and on the lower level of node 𝑢.

𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are not synchronized.
𝑅𝑒𝜏

𝑖
(𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are selected as parents by scheduled nodes at time 𝜏 through

connecting parent’s antenna 𝑖 .

𝑇𝑎𝜏 (𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes are scheduled and their time slots are lower or equal 𝜏 .

𝐶𝑎𝜏
𝑖
(𝑢) Subset of 𝑁𝑏 (𝑢), where all nodes can be parents of node 𝑢 at time slot 𝜏 through connecting their

antenna 𝑖 .

𝑡𝑚(𝑢) Maximum sending time slot of scheduled children of node 𝑢, which ensures the data freshness.

𝐷𝐴𝑇𝜓 𝐷𝐴𝑇𝜓 = max{𝑡 (𝑢) | 𝑢 ∈ 𝐶ℎ𝜓 (𝑆)} , the aggregation time of a spanning tree𝜓 of the DECN.

𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) Transmission indicator. While node 𝑢 transmits data from its antenna 𝑗 to the antenna 𝑖 of node 𝑣 at

time slot 𝑡 , 𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) = 1, otherwise 𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) = 0.

where 𝐷𝐴𝑇𝜓 is the aggregation time of a spanning tree𝜓 in G. Moreover, 𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) is an indicator variable such that while

node 𝑢 transmits data from its antenna 𝑗 to the antenna 𝑖 of node 𝑣 at time slot 𝑡 , 𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) = 1, otherwise 𝑎𝑡(𝑢 𝑗 ,𝑣𝑖 ) = 0.

It should be noted that although there are several antennas in a node, since all received data needs to be aggregated

to a datum, only one antenna is used to send data, meaning a node has only one sending link. Constraint (1) means that

when multiple child nodes of node 𝑣 are connected to the same antenna of the node 𝑣 , the node 𝑣 can only accept a

datum from one child node at a time of 𝑡 . Constraint (2) ensures that the node 𝑝 can only transmit data after all of its

child nodes transmitting their data. Constraint (3) means that data aggregation is implemented in a spanning tree of the

network topology graph.

Theorem 1. The DADEC problem is NP-hard.
Manuscript submitted to ACM
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Proof. The interference model with MIMO can be considered equivalent to the minimum latency aggregation

schedule problem (MLAS) when there are enough channel links. Moreover, the use of multiple antennas can be seen as

receiving multiple data in a time slot. Thus, the MLAS is a special case of the DADEC problem. The MLAS problem is

proved to be NP-hard in [12], therefore the DADEC problem is also NP-hard. □

4 Distributed Data Aggregation for DEC

4.1 Overview

DADEC executes bottom-up, starting from the nodes furthest from the 𝑆 , and moving gradually closer to the 𝑆 . Formally,

the level 𝐿 of node 𝑢 is the hop-count from 𝑢 to sink, counted on a breadth-first tree rooted at the 𝑆 . The construction of

the DAT and the scheduling of node transmissions are intertwined, meaning, the scheduling of a node and then adding

that node to the DAT happens simultaneously. After all nodes are scheduled, the complete DAT is also created exactly.

According to the state transitions shown in Fig. 4, a NOT READY node first transfers to state SYNCH, and then to

state READY. To calculate the timing of these two transfers, we divide the set 𝑁𝑏 (𝑢) into several disjoint sets using the

following two methods. We divide the neighbours 𝑁𝑏 (𝑢) of node 𝑢 ∈ 𝑉 on level 𝐿 into three disjoint sets: (i) set 𝑁𝑏𝐿 (𝑢)
for nodes on level 𝐿; (ii) 𝑁𝑏𝐿−1 (𝑢) for nodes on level 𝐿 − 1; and (iii) 𝑁𝑏𝐿+1 (𝑢) for nodes on level 𝐿 + 1. While being

scheduled, node 𝑢 on level 𝐿 may select its parent from the set 𝑁𝑏𝐿 (𝑢), 𝑁𝑏𝐿−1 (𝑢) and 𝑁𝑏𝐿+1 (𝑢). Further, we divide
the neighbours 𝑁𝑏 (𝑢) of a node 𝑢 into two (related to scheduling) disjoint sets: (i) set 𝑁𝑏𝑠𝑐 (𝑢), nodes which have been

scheduled; and (ii) set 𝑁𝑏𝑢 (𝑢), nodes which have not been scheduled.

Finally, to select parent and set time slot from neighbours for nodes in READY state, the set 𝐶𝑎𝜏
𝑖
(𝑢) needs to be

calculated. We therefore divide the set 𝑁𝑏 (𝑢) into several disjoint sets using the following method. For each parent

antenna 𝑖 and node 𝑢, the neighbours 𝑁𝑏 (𝑢) of 𝑢 are divided into three disjoint sets: (i) 𝑅𝑒𝜏
𝑖
(𝑢) for parent nodes of some

scheduled node, connected to parent’s antenna 𝑖 at time 𝜏 ; (ii) 𝑇𝑎𝜏 (𝑢) for nodes that (𝑎) have been scheduled and (𝑏)
their time slots are lower or equal to 𝜏 ; and finally (iii)𝐶𝑎𝜏

𝑖
(𝑢) for nodes that are candidates for parent of node 𝑢 at time

slot 𝜏 by connecting to their antenna 𝑖 . The set 𝐶𝑎𝜏
𝑖
(𝑢) can be defined as:

𝐶𝑎𝜏𝑖 (𝑢) = 𝑁𝑏 (𝑢) − (𝑇𝑎𝜏 (𝑢)
⋃

𝑅𝑒𝜏𝑖 (𝑢)) (4)

Only when 𝐶𝑎𝜏
𝑖
(𝑢) ≠ ∅, the node 𝑢 can select its parent 𝑝𝑖

𝜓
(𝑢) from 𝐶𝑎𝜏

𝑖
(𝑢) at time slot 𝜏 by connecting to 𝑝𝜓 (𝑢)’s

antenna 𝑖 .

Fig. 3 illustrates a DEC network with five nodes, where possible links are denoted by solid or dashed lines. Node 𝑎

and 𝑐 have been scheduled for time slot 𝜏 = 2, as denoted by the solid arrows. Accordingly, for time slot 𝜏 = 1, the sets

𝑇𝑎1 (𝑏), 𝑅𝑒1
1
(𝑏) and 𝑅𝑒1

2
(𝑏) are all empty, leaving𝐶𝑎1

1
(𝑏) = 𝐶𝑎1

2
(𝑏) = {𝑎, 𝑐, 𝑑, 𝑒}. Node 𝑏 can thus select any of the nodes

𝑎, 𝑐 , 𝑑 or 𝑒 as its parent and connect to either of their antennas at 𝜏 = 1. However, for the time slot 𝜏 = 2,𝑇𝑎2 (𝑏) = {𝑎, 𝑐},
𝑅𝑒2

1
(𝑏) = {𝑑} and 𝑅𝑒2

2
(𝑏) = {𝑒}. Therefore 𝐶𝑎2

1
(𝑏) = {𝑒} and 𝐶𝑎2

2
(𝑏) = {𝑑}, meaning that at time 𝜏 = 2, node 𝑏 can

select node 𝑒 as parent by connecting to antenna 1, and also node 𝑑 by connecting to antenna 2.

4.2 Distributed Aggregation Scheduling Algorithm

In this section, we first describe DADEC state transitions, and then delve into Algorithm 1, which selects the current

parent for a node and sets the time slot for transmission. After selecting the parent and setting the time slot, nodes

that conflict with each other will compete; accordingly, we next describe in detail the principles of competition. Both

Algorithm 1 and competition are essential in DADEC, frequently called and executed. Finally, we provide a detailed
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Fig. 3. The example of scheduling.

description of the overall DADEC algorithm. Fig. 5 will be referenced as an illustration of the DADEC algorithm’s

execution, where white nodes indicate nodes in READY state, gray nodes indicate nodes in NOT READY state, and

black nodes represent scheduled nodes. Dashed lines represent connections in the network graph. A dashed arrow from

node 𝑢 to node 𝑣 indicates that node 𝑢 has selected node 𝑣 as its parent, whereas a solid arrow indicates that the link

(𝑢, 𝑣) has been scheduled. Fig. 6 is the execution result of the representative example of Fig. 5.

4.2.1 State transitions. Nodes in DADEC can be in one of five states: READY, NOT READY, SYNCH (referring to synchro-

nization between nodes on the same level), WAIT, or SCHEDULED (Fig. 4). Initially, all leaf nodes at the highest level of a

breadth-first tree are in the READY state, while all other nodes are in NOT READY state. For example, in Fig. 5(a), at the

beginning of the algorithm, node 12 at the highest level is in READY state, while all other nodes are in NOT READY

state. Each node is then scheduled according to the state transition diagram. As shown in Fig. 4, a NOT READY node 𝑢 on

level 𝐿 is switched to state SYNCH when all nodes in 𝑁𝑏𝐿+1 (𝑢) are scheduled. When all nodes in 𝑁𝑏𝐿 (𝑢) are in state

SYNCH, node 𝑢 is switched to ready state. In Fig. 5(b), nodes 7 and 13 are located at the third level and should therefore

be scheduled before node 8, which belongs to the second level. For example, in Fig. 5(b), nodes 10, 11, 13, 7 are located at

the third level and should therefore be scheduled before node 8, which belongs to the second level.

4.2.2 Selection of parent and time slots. As shown in Fig. 4, a node in READY state should select a neighbor node as its

parent, connect to one of the parent’s antennas, and finally set the time slot for transmission. Algorithm 1 selects the

parent and schedules the time slot for transmission. The three principles for selecting a best parent node for a READY

node 𝑢 are as follows:

(1) To avoid conflictingwith scheduled nodes, the parent and the parent’s antennamust be selected from𝐶𝑎𝑡
𝑖
(𝑢),∀𝑖 ∈

𝐴 (Algorithm 1: line 3). While 𝐶𝑎𝑡 (𝑢) = ∅, algorithm 1 increases 𝑡 until 𝐶𝑎𝑡 (𝑢) ≠ ∅ (Algorithm 1, lines 4-6). For

example, in Fig. 5(d), 𝐶𝑎0 (7) = ∅; consequently, 𝑡 is incremented to 1, such that 𝐶𝑎1 (7) = {6, 8} ≠ ∅.
(2) The time slot 𝑡 is higher than that of any child node, which ensures data freshness (Algorithm 1, line 2). For

example, in Fig. 5(e), 𝑡 (8) should be 2, which is greater than the send time slot of any of its child nodes.

(3) To minimize latency, the transmission time slot should be the smallest possible. If there is more than one

potential parent node that provides the smallest time for 𝑢 to connect to it, node 𝑢 should select the parent with

the smallest level. If there is still more than one node that meets these conditions, then node 𝑢 should select the

parent whose number of remaining connectable antennas is the smallest (Algorithm 1, line 8). For example, in

Fig. 5(i), node 3 has two potential parent nodes 2 and 𝑆 . Node 3 selects node 2 as its parent, as node 2 provides
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Not Ready

Synch

all neighbors in level L+1 scheduled

Ready

all neighbors in level L synchronized

Scheduled

All feedback messages  are positive

Wait

Receive a nagative message

competitors with better 
configuration scheduled

Receive a 
forbidden
message 

selecting 
neighbours as 
parents and 

sending 
scheduling-request

message

Synch:same 
level

sychronization

Fig. 4. State transitions of node scheduling.

the smallest time for node 3. In Fig. 5(c), node 13 has three potential parent nodes 11, 8 and 7—all of which can

provide the smallest time of 0. Because node 8 is located at the lowest level among them, node 13 selects node 8

as its parent. In Fig. 5(d), there are two nodes, 6 and 8 that both provide the smallest time of 1, and they are

located at the same level. For send time slot 1, node 8 has only one available antenna connection, whereas node

6 has two. Therefore, node 7 selects node 8 as its parent.

Algorithm 1 Selection for parent and time slot

Input: Node 𝑢; 𝐶𝑎𝑡
𝑖
(𝑢),∀𝑖 ∈ 𝐴

Output: parent of node 𝑢; antenna of parent; time slot

1: 𝑆𝑡𝑎𝑡𝑒 (𝑢) = READY
2: 𝑡 = 𝑡𝑚(𝑢) + 1

3: 𝐶𝑎𝑡 (𝑢) = ∪∀𝑖∈𝐴𝐶𝑎𝑡𝑖 (𝑢)
4: while 𝐶𝑎𝑡 (𝑢) = ∅ do
5: 𝑡 = 𝑡 + 1

6: 𝐶𝑎𝑡 (𝑢) = ∪∀𝑖∈𝐴𝐶𝑎𝑡𝑖 (𝑢)
7: end while
8: select parent node 𝑝 which has the best configuration from 𝐶𝑎𝑡 (𝑢)
9: return parent 𝑝𝑖 (𝑢), time slot 𝑡

4.2.3 Resolving competitions. In the parent and time slot selection discussed in the previous section, READY nodes

select parents and set time slots. This avoids conflicts between READY nodes and scheduled nodes. However, there may

be conflicts between READY nodes when they are simultaneously scheduled. A conflict between READY nodes 𝑢 and 𝑣

occurs if one of the following conditions holds:
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Fig. 5. A representative example of DADEC execution.
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Fig. 6. The execution result of the representative example.
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(1) Given 𝑡 (𝑢) = 𝑡 (𝑣) and 𝑝𝜓 (𝑢) = 𝑝𝜓 (𝑣).
(2) Given 𝑝𝜓 (𝑢) = 𝑣 or 𝑝𝜓 (𝑣) = 𝑢, an illegal circle is created or data freshness principle is violated.

To resolve a conflict between two or more READY nodes, the node with the better configuration should be scheduled

first. When a conflict occurs between nodes 𝑢 and 𝑣 , node 𝑢 has a better configuration if one of the following conditions

is met:

(1) 𝑡 (𝑢) < 𝑡 (𝑣). According to the conflict condition 2 between two READY nodes discussed above, when node 𝑢 is

scheduled first, the node 𝑣 still has the possibility of selecting the time slot 𝑡 (𝑣) in future scheduling. However, if

node 𝑣 is scheduled first, it is likely that node 𝑢 will not be able to select time slot 𝑡 (𝑢) in the future scheduling.

For example, if node 𝑣 is scheduled first and 𝑝 (𝑣) = 𝑢, node 𝑢 can not select time slot 𝑡 (𝑢), and to ensure data

freshness, node 𝑢 should postpone its time slot after 𝑡 (𝑣). Therefore, in this case, node 𝑢 has better configuration

and should be scheduled first. In case the configurations of 𝑢 and 𝑣 are equal, the next condition is applied. For

example, in Fig. 5(g), 𝑡 (22) < 𝑡 (21), therefore node 22 has better configuration and should be scheduled first.

(2) Node 𝑢 has fewer candidate parents than node 𝑣 . In this case, we assume 𝑡 (𝑢) = 𝑡 (𝑣) = 𝜏 , if node 𝑢 relinquishes

its current opportunity to be scheduled in time slot 𝜏 , its probability of being allocated this time slot in the future

decreases. In contrast, if node 𝑣 relinquishes its current opportunity to be scheduled in time slot 𝜏 , its probability

of using this time slot in the future remains higher than that of node 𝑢. When the number of candidate parents

of node 𝑢 is equal to that of node 𝑣 , and there exists one node between them whose schedule will be postponed

until after time 𝜏 , we can conclude that, in general, the smaller the sending time slot of a node, the less available

time slots that the node can provide for unscheduled neighbors as a parent node. Therefore, when 𝑢 and 𝑣

conflict, the node with fewer unscheduled neighbors should be considered as high priority, resulting in smaller

aggregation latency. If node 𝑢 has an equal number of unscheduled neighbors, consider lower node ID as high

priority, i.e., 𝑢 in this case. For example, in Fig. 5(h), 𝑡 (3) = 𝑡 (4) and 𝑝𝜓 (3) = 𝑝𝜓 (4), therefore the scheduling of

these two nodes results in a conflict. Because node 3 has three candidate parent nodes 2, 4, 𝑆 , whereas node 4

has only two parent nodes 2, 3, 𝑆 , node 4 has a better configuration and is scheduled with higher priority.

4.2.4 The DADEC algorithm. The previous two sections solve two key issues. In this section, we describe the proposed

DADEC algorithm in detail.

DADEC has three functions, Notready(), Ready() and Wait(), which correspond to the states NOT READY, READY,

and WAIT in Algorithm 2. In function Notready(), firstly the state of 𝑢 is set to NOT READY, and 𝑁𝑏𝑢𝐿+1 (𝑢), 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢)
are initialized (function Notready of Algorithm 2, line 1-5). While receiving a scheduled message, node 𝑢 updates

𝑁𝑏𝑢𝐿+1 (𝑢) (function Notready of Algorithm 2, line 6-10). If 𝑁𝑏𝑢𝐿+1 (𝑢) = ∅, node 𝑢 changes to state SYNCH and then

broadcasts a synchr. message to neighbors (function Notready of Algorithm 2, line 11-14). When the node 𝑢 in state

SYNCH receives a synchr. message from its neighbors on same level, node 𝑢 updates 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) (function Notready

of Algorithm 2, line 15-18), and then if 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) ≠ ∅, node 𝑢’s state is changed to READY. (function Notready of

Algorithm 2, line 20).

While a node 𝑢 is in READY state, it will employ Algorithm 1 to select a parent and an antenna, and set the time slot

for transmission, and then broadcast a scheduling-request message to the parent (function Ready() of Algorithm 2,

line 2-3). This message contains the following information: node id 𝑢, parent id and its selected antenna 𝑝𝑖 (𝑢), time

slot 𝑡 (𝑢), and unscheduled neighbours 𝑁𝑏𝑢 (𝑢). After broadcasting the scheduling-request message, the node 𝑢 waits

for the response message from the selected parent. The selected parent finally sends a positive or negative response

message, according to the competition principles discussed in Section 4.2.3.
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Algorithm 2 DADEC algorithm

Input: The number 𝐿 of level, 𝑁𝑏 (𝑢) of node 𝑢,∀𝑢 ∈ 𝑉

Output: schedule information: 𝑝𝑖
𝜓
(𝑢), 𝑡 (𝑢),∀𝑢 ∈ 𝑉

1: function Notready( )

2: 𝑆𝑡𝑎𝑡𝑒 (𝑢) = 𝑁𝑜𝑡𝑅𝑒𝑎𝑑𝑦

3: Let 𝐿 be the level number of node 𝑢

4: Let set 𝑁𝑏𝑢𝐿+1 (𝑢) = {𝑣 | ∀𝑣 ∈ 𝑁𝑏𝐿+1 (𝑢) ∩ 𝑁𝑏𝑢 (𝑢)}
5: Let set 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) = {𝑣 | ∀𝑣 ∈ 𝑁𝑏𝐿 (𝑢), 𝑁𝑏𝑢𝐿+1 (𝑣) ≠ ∅}
6: while 𝑁𝑏𝑢𝐿+1 (𝑢) ≠ ∅ or 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) ≠ ∅ do
7: Receive a scheduled message from neighbor 𝑣

8: if 𝑣 ∈ 𝑁𝑏𝐿+1 (𝑢) then
9: 𝑁𝑏𝑢𝐿+1 (𝑢) = 𝑁𝑏𝑢𝐿+1 (𝑢) − {𝑣}
10: end if
11: if 𝑁𝑏𝑢𝐿+1 (𝑢) = ∅ then
12: node 𝑢 changes to state SYNCH
13: broadcast a synchr. message to neighbors

14: end if
15: Receive a synchr. message from neighbor 𝑣

16: if 𝑣 ∈ 𝑁𝑏𝐿 (𝑢) then
17: 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) = 𝑁𝑏𝑢𝑠𝑦𝐿 (𝑢) − {𝑣}
18: end if
19: end while
20: Ready()

21: return
22: end function

1: function Ready( )

2: exec. Algorithm 1: select parent and time slot

3: broadcast a scheduling-request message to parent

4: if receive a negative response from parent then
5: Wait()

6: else
7: 𝑆𝑡𝑎𝑡𝑒 (𝑢) = Scheduled
8: broadcast a scheduled message

9: end if
10: return
11: end function

1: functionWait( )

2: 𝑆𝑡𝑎𝑡𝑒 (𝑢) = Wait
3: while Received Forbidden Message from 𝑝𝜓 (𝑢) do
4: Wait()

5: if Received scheduled messages from all conflict nodes with better configuration then
6: Ready()

7: end if
8: end while
9: end function
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If node 𝑢 receives a negative response message, it changes to WAIT state (function Ready() of Algorithm 2, line 4-5).

If node 𝑢 receives a positive response message, it changes to SCHEDULED state, and then broadcasts a scheduled message

containing the following information: node id 𝑢, parent’s id and its selected antenna 𝑝𝑖 (𝑢), 𝑡 (𝑢) (function Ready() of

Algorithm 2, line 7-8). Upon receiving the scheduled message, if node𝑤 is the parent of node 𝑢, it updates 𝑡𝑚(𝑤) to
max(𝑡𝑚(𝑤), 𝑡 (𝑢)) and then broadcasts a forbidden message. A node 𝑢 in WAIT state stays in that state when it receives

a forbidden message (function Wait() of Algorithm 2, line 3-4). When node 𝑢 in WAIT state receives scheduled messages

from all competition nodes with better configurations, it switches to READY state (function Wait() of Algorithm 2, line

5-6).

4.3 Theoretical Analysis

In this section, we analyze the correctness and latency bound of DADEC. To deduce the latency bound of DADEC, we

slightly modify DADEC by constructing the aggregation tree with a maximal independent set, with the interconnecting

nodes called dominators and connectors. We use the modified version as the bound of DADEC, denoting it as CDS-

DADEC. Each node in CDS-DADEC can only select its parent from a subset of neighbors, instead of all the neighbors as

with DADEC. Therefore, the latency of CDS-DADEC is the upper bound of DADEC.

Data aggregation eliminates redundancy among data within the same acquisition cycle (frame) through aggregation

methods, ensuring sensor readings from different frames are not mixed. This is called data freshness. In data aggregation

scheduling, the parent must collect data from all of its child nodes before forwarding the aggregated results to the next

hop in the data aggregation tree. Thus, the time slot of the parent node must be later than that of its child nodes, which

is expressed by formula 𝑡 (𝑢) > 𝑡 (𝑣),∀𝑣 ∈ 𝐶ℎ𝜓 (𝑢).

Lemma 1. DADEC ensures data freshness.

Proof. We prove Lemma 1 by contradiction. Let us assume that the DADEC does not meet the data freshness.

Therefore, there exists a node 𝑢 that selects node 𝑣 as its parent, and 𝑡 (𝑢) >= 𝑡 (𝑣). There are two cases: (i) node 𝑢 is

scheduled before node 𝑣 . In this case, node 𝑣 selects a time slot 𝑡 (𝑣) which is higher than those of its children, and thus

𝑡 (𝑣) > 𝑡 (𝑢), which leads to a contradiction. (ii) node 𝑢 is scheduled after node 𝑣 . In this case, node 𝑣 ∈ 𝑇𝑎𝑡 (𝑢), and thus

𝑣 can not be selected as 𝑢’s parent, which is also contradictory. Therefore, the assumption is false and DADEC ensures

the data freshness. □

Lemma 2. The schedule in DADEC is conflict-free.

Proof. Conflict-free schedule means that any two nodes {𝑢, 𝑣 | 𝑡 (𝑢) = 𝑡 (𝑣)} can not use the same communication

link. In MIMO, the schedule of node 𝑢 is conflicting with the schedule of node 𝑣 if they are scheduled at the same

time slot, and the following holds: (i) 𝑝𝜓 (𝑢) = 𝑣 or 𝑝𝜓 (𝑣) = 𝑢. (ii) 𝑝𝜓 (𝑢) = 𝑝𝜓 (𝑣) and node 𝑢 and 𝑣 connect to the

same antenna 𝑖 . In the first case, if 𝑝𝜓 (𝑢) = 𝑣 , based on Lemma 1, data freshness ensures that 𝑡 (𝑢) is smaller than 𝑡 (𝑣),
which is contradictory. Similarly, there is a contradiction when 𝑝𝜓 (𝑣) = 𝑢. In the second case, one of them is scheduled

before the other to avoid conflict according to the algorithm DADEC. We assume that node 𝑢 is scheduled before 𝑣 .

When scheduling 𝑣 , 𝑝𝜓 (𝑢) ∉ 𝐶𝑎
𝑡 (𝑣)
𝑖

(𝑣), which is contradictory. Therefore, the assumption is false and DADEC ensures

conflict-free schedule. □

Theorem 2. The latency upper bound of DADEC is
(𝜉+3)× 𝑅

2
+△−4

𝑎 , where 𝑎 is the number of antennas in each node,

𝜉 = ⌊ 2𝜋

arccos ( 1

1+𝜖 )
⌋, 𝜖 is a positive number in [0.05,1], 𝑅 is the network radius, and △ denotes the maximum node degree.
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Proof. As stated at the beginning of this section, for proving the latency bound of DADEC, we estimate the latency

bound of CDS-DADEC as the upper bound of DADEC. In CDS-DADEC, there are three categories of nodes: white

nodes, gray nodes and black nodes. For collecting data from all nodes to the sink, three kinds of communications links

are required: (i) white node to black node; (ii) black node to gray node; and (iii) gray node to black node. The last two

kinds of communications are executed level by level, starting from level 𝑅 − 1 and advancing to the first level. First, we

prove the latency bound for the communications from the white nodes to the black nodes. Each black node, apart from

the sink, has a gray node as its parent. Consequently, each black node has at most △ − 1 white neighbors that need to

be scheduled. The number of antennas of each node is 𝑎, meaning, there can be 𝑎 communication links for a parent at

the same time slot in DEC networks. Therefore, all white nodes are scheduled at time slot (△ − 1)/𝑎 by the latest.

Second, we prove the latency bound for the communications from black nodes to gray nodes. Huang et al.[25] proved

that each gray node in level 𝐿 has at most 5 black neighbors which are in level 𝐿, 𝐿 + 1 or 𝐿 − 1. Since one of the black

neighbors must be the parent of the gray node, there is at most 4 black nodes competing to be the children of each gray

node. Thus, the latency bound for black nodes to gray nodes at each level 𝐿 is at most 4/𝑎 time slots.

Lastly, we prove the latency bound for the communication links from gray nodes to black nodes. Bagaa et al.[3]

proved that a dominator node has at most 𝜉 = ⌊ 2𝜋

arccos ( 1

1+𝜖 )
⌋ dominators within a 2-hop neighborhood. Since one gray

node must be its parent, each black node except the sink has at most 𝜉 − 1 gray nodes for competing to be its children.

The latency bound for the black nodes (apart from the sink) is thus (𝜉 − 1)/𝑎, and the latency bound for the gray nodes

to the sink is 𝜉/𝑎.
The aggregation latency upper bound is the sum of those latency bounds: white nodes to black nodes; black nodes to

gray nodes and gray nodes to black nodes from level 𝑅 − 1 to 2; and gray nodes in level 2 to the sink. Thus, the latency

for aggregating data from all nodes to sink takes at most
(△−1)+(𝜉−1+4)×(𝑅−2)/2+𝜉

𝑎 =
(𝜉+3)×𝑅/2+△−4

𝑎 time slots. □

Theorem 3. In the worst case, each node of the network sends at most
(
16𝜋+24

√
3

3𝜋𝑎

)
𝜌 + 3 − 8

𝑎 messages during the

execution of DADEC, where 𝑎 is the number of antennas in each node, 𝜌 is the average number of neighbor nodes in the

network.

Proof. DICA [5] proved that each node transmits at most 1+𝑁𝑜𝑐𝑢 +1+3𝑁𝑜𝑐𝑢 +𝜌 messages when DICA is executed

in a traditional SISO network, where 𝑁𝑜𝑐𝑢 =
4𝜋+6

√
3

3𝜋 𝜌 − 2 is the upper bound on the average number of contenders of a

ready node 𝑢. In algorithm DICA [5], 1 +𝑁𝑜𝑐𝑢 + 1 + 3𝑁𝑜𝑐𝑢 + 𝜌 messages are transmitted in the following five situations.

(1) A node 𝑢 in state Not Ready sends a synchronization message when switching to state SYNCH, which is same

as in MIMO network.

(2) Because the upper bound on the average number of contenders of a ready node 𝑢 is 𝑁𝑜𝑐𝑢 , in the worst case,

a node 𝑢 broadcasts 𝑁𝑜𝑐𝑢 scheduling-request messages before switching to the scheduled state. In MIMO,

because each node has 𝑎 antennas, each parent node can receive 𝑎 requests simultaneously. Therefore, in the

worst case,a node 𝑢 broadcasts
𝑁𝑜𝑐𝑢
𝑎 scheduling-request messages before switching to the scheduled state.

(3) A node 𝑢 broadcasts one scheduled message when switching from state READY to state SCHEDULED, which is

same as in MIMO network.

(4) In the worst case, a node 𝑢 responds with 𝑁𝑜𝑐𝑢 messages for scheduling-request. In MIMO, because each node

has 𝑎 antennas, each parent node can receive 𝑎 requests simultaneously. Therefore, in the worst case, a node 𝑢

responds with
3𝑁𝑜𝑐𝑢

𝑎 messages for scheduling-request.

(5) In the DICA algorithm [5], when a node 𝑢 receives the scheduled message, it broadcasts a forbidden message.

As each node has, on average, 𝜌 neighbors, these 𝜌 neighbors all receive the scheduled message and each
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broadcasts a forbidden message. However, in our proposed algorithm for MIMO network, the node 𝑢 receiving

the scheduled message, node 𝑢 broadcasts a forbidden message only when it is the parent of scheduled node.

In summary, each node sends at most 1 + 𝑁𝑜𝑐𝑢
𝑎 + 1 + 3𝑁𝑜𝑐𝑢

𝑎 + 1 =

(
16𝜋+24

√
3

3𝜋𝑎

)
𝜌 + 3 − 8

𝑎 messages.

□

4.4 Dynamic Scheduling

d
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Fig. 7. New nodes joining.

DEC networks face frequent topology changes due to new nodes joining, node or link failures. In this section, we

design lightweight adaptive strategies that need a minimal number of messages to update transmission schedules for

dealing with such changes. We design our solution for these three cases: (i) new nodes joining; (ii) nodes failing; (iii)

links failing.

4.4.1 New Nodes Joining. The strategy first finds a conflict-free schedule by direct searching. When it fails, a backup

procedure is used to find a feasible schedule. If it still fails, the algorithm DADEC will be run to reschedule all the nodes

of the DEC network.

When the node 𝑛𝑒𝑤 joins the network, it broadcasts a "join" message to its neighbors. Each neighboring node𝑤 will

reply with a "welcome" message that contains the transmission schedule of node𝑤 , and its children nodes set 𝐶ℎ𝜓 (𝑤).
The transmission schedule for each node 𝑤 includes 𝑡 (𝑤), 𝑝𝑖

𝜓
(𝑤). After receiving all reply messages, the node 𝑛𝑒𝑤

firstly sets 𝑡𝑚(𝑛𝑒𝑤) = −1 and then tries to find a conflict-free schedule with Algorithm 1. Unlike Algorithm 2, since

node 𝑛𝑒𝑤 has no competing nodes, it directly broadcasts a scheduled message to its parent and neighbor nodes without

first sending a request message and then waiting for a positive or negative response message. This procedure is called

the direct search procedure.

Fig. 7 illustrates new nodes joining. In Fig. 7(a), the joining node 𝑛𝑒𝑤 finds that node 𝑏 can provide a feasible schedule

𝑝2 (𝑛𝑒𝑤) = 𝑏, 𝑡 (𝑛𝑒𝑤) = 0 by direct searching. In Fig. 7(b), the node 𝑛𝑒𝑤 has only one neighbor node 𝑏, and finds that

the only neighbor node 𝑏 cannot provide conflict-free and data freshness schedule by direct searching. In this case, a

backup procedure is called to find a feasible schedule. The backup procedure provides a feasible schedule for node 𝑛𝑒𝑤

by changing the schedules of its neighboring nodes. As shown in Fig. 7(b), by changing node 𝑏’s parent from node 𝑎 to
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node 𝑑 and postponing node 𝑏’s transmission time slot from 1 to 2, the node 𝑛𝑒𝑤 can find a feasible schedule where

𝑝2 (𝑛𝑒𝑤) = 𝑑 and 𝑡 (𝑛𝑒𝑤) = 1. The backup procedure works as follows.

The node 𝑛𝑒𝑤 broadcasts a "backup" message that contains 𝑡𝑚(𝑛𝑒𝑤) to its neighbors. Then, each neighbor node𝑤

performs the following procedure:

Algorithm 3 backup algorithm

Input: Node 𝑛𝑒𝑤 ; 𝑡𝑚(𝑛𝑒𝑤); 𝑅𝑒𝑡𝑚 (𝑛𝑒𝑤 )+1
𝑖

(𝑛𝑒𝑤),∀𝑖 ∈ 𝐴

Output: node 𝑣 ’s backup result

1: 𝐸𝐴𝑤 =𝑚𝑖𝑛 {𝑡 | 𝑡 >= max (𝑡𝑚(𝑛𝑒𝑤) + 1, 𝑡 (𝑤))} , 𝑤 ∉ 𝑅𝑒𝑡
𝑖
(𝑛𝑒𝑤), ∃𝑖 ∈ 𝐴.

2: 𝑡 = 𝐸𝐴𝑤 + 1

3: while True do
4: 𝐶𝑎𝑡 (𝑤) = ∪∀𝑖∈𝐴𝐶𝑎𝑡𝑖 (𝑤)
5: if 𝐶𝑎𝑡 (𝑤) = ∅ then
6: if 𝑇𝑎𝜏 (𝑢) ≠ ∅ then
7: 𝑡 = 𝑡 + 1

8: else
9: return "backup fail" message

10: end if
11: else
12: return “backup success” message

13: end if
14: end while

(1) node𝑤 calculates the earliest available time slot 𝐸𝐴𝑤 that can be used by node 𝑛𝑒𝑤 . In this case, the 𝐸𝐴𝑤 must

meet the constraint min {𝑡 | 𝑡 ≥ max (𝑡𝑚(𝑛𝑒𝑤) + 1, 𝑡 (𝑤))} , 𝑤 ∉ 𝑅𝑒𝑡
𝑖
(𝑛𝑒𝑤), ∃𝑖 ∈ 𝐴 (Algorithm 3: Line 1).

(2) The node 𝑤 sets 𝑡𝑚(𝑤) = 𝐸𝐴𝑤 , and then node 𝑤 broadcasts a "reschedule" message to its neighbors except

node 𝑛𝑒𝑤 for recalculating a conflict-free and data freshness schedule. After receiving a "reschedule" message,

node𝑤 ’s neighbors will reply with their transmission schedule information (Algorithm 3, line 2).

(3) After receiving all transmission schedule information of neighbors, node 𝑤 calculates whether there exists

a conflict-free schedule for itself. If there exists a conflict-free schedule for node 𝑤 , node 𝑤 sends a "backup

success" message including an earliest available time slot, i.e., 𝐸𝐴𝑤 to node 𝑛𝑒𝑤 . Otherwise, node𝑤 will send a

"backup fail" message to node 𝑛𝑒𝑤 (Algorithm 3, line 3-14).

If node 𝑛𝑒𝑤 receives one "backup success" message, it sets 𝑝𝑖 (𝑛𝑒𝑤) = 𝑤 , 𝑡 (𝑛𝑒𝑤) = 𝐸𝐴𝑤 as its transmission schedule.

If node 𝑛𝑒𝑤 receives more than one "backup success" message, it will choose the earliest available time slot 𝐸𝐴𝑤 as

its transmission schedule. And then, node 𝑛𝑒𝑤 broadcasts a schedule message to its neighbors. However, if node 𝑛𝑒𝑤

did not receive any one "backup success" message, all the neighbors cannot provide a conflict-free and data freshness

schedule for node 𝑛𝑒𝑤 by postponing their transmission time slots. In this situation, the algorithm DADEC will be run

to reschedule all the nodes in the DEC network.

In summary, the strategy calculates an available time slot among the neighbors for the new joining node. If it

succeeds, the strategy will not increase aggregation latency. The experimental results show that the success rate in

providing a feasible transmission time slot for a new node by the strategy reaches 90%.

4.4.2 Handling Link Failure and Node Failure. When a link fails, there are two cases to consider. Let’s consider the

broken link to be (𝑢, 𝑣). In the case of (𝑢, 𝑣) not in the data aggregation tree, it has no effect on the data aggregation
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process and can be ignored. If the broken link (𝑢, 𝑣) is in the data aggregation tree 𝑢 ∈ 𝐶ℎ𝜓 (𝑣), the node 𝑢 needs to be

rescheduled. Node 𝑢 first removes node 𝑣 from its neighbor node set 𝑁𝑏 (𝑢), and then node 𝑢 broadcasts a "repair link"

message to its neighbors. Upon receiving the "repair link" message, neighbors of node 𝑢 except its children will reply

with their transmission schedule. Next, except for not having to reset 𝑡𝑚(𝑢) to −1, the processing strategy is the same

as joining a new node (as discussed before).

When a node fails, this case is equivalent to that all links from broken nodes to neighbors fail. Let the broken node

be 𝑢. The nodes in set𝐶ℎ𝜓 (𝑢) need to be rescheduled. Firstly, each node𝑤 ∈ 𝐶ℎ𝜓 (𝑢) removes node 𝑢 from its neighbor

set 𝑁𝑏 (𝑤) and then runs the above strategy of processing link failure to calculate a feasible transmission time slot for

node 𝑢. When node 𝑢 has a large number of children, it is highly probable that the above strategy cannot find a feasible

transmission for all children. In this case, the algorithm DADEC will be run again to reschedule all the nodes of DEC

network.

5 Simulation Results
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(a) 𝑐𝑟 = 3 and 𝑛𝑎 = 3.
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(b) 𝑛 = 100 and 𝑛𝑎 = 3.
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Fig. 8. Aggregation latency in small DEC networks.

In this section, the performance of the proposed DADEC algorithm is evaluated with extensive simulations and

compared with existing works such as DAS [58], IAS [46], and DICA [5]. We verify the effectiveness of the proposed

DADEC with modified versions of DAS, IAS, and DICA, adapting them to DEC networks and inference models. We

refer to these modified versions of DAS, IAS, and DICA as DAS-DEC, IAS-DEC, and DICA-DEC, respectively.

To evaluate the performance of these algorithms, we use Networkx [1] to generate different network topologies.

In the simulations, we focus on aggregation latency in small and massive DEC networks. We randomly deploy nodes

in square fields. Further, we analyze DADEC’s effectiveness by comparing node distributions in aggregation trees. In

addition, we simulate topology changes in the network to verify DADEC’s robustness. The reported results of each

plotted point are the average of 100 executions.

We use the following notation to describe the simulations: (i) 𝑛 denotes the network size, i.e., the number of nodes;

(ii) 𝑛𝑎 denotes the number of antennas each node has (identical for all nodes); and (iii) 𝑐𝑟 is the communication radius of

a node. The 𝑐𝑟 determines the connection density of the network. Different connection density determines the different

average number of neighbor nodes.
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(a) 𝑐𝑟 = 3 and 𝑛𝑎 = 4.
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(b) 𝑛 = 800 and 𝑛𝑎 = 4.
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Fig. 9. Aggregation latency in massive DEC networks.
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Fig. 10. Node distribution in an aggregation tree.

5.1 Aggregation Latency in Small DEC Networks

Fig. 8 shows the data aggregation latency as a function of 𝑛, 𝑐𝑟 and 𝑛𝑎 in small DEC networks. We notice that the

proposed DADEC aggregation latency is lower than DAS, IAS, and DICA. This is because of MIMO, which reduces

transmission interference and increases parallel transmission capability, thus greatly reducing aggregation latency.

Compared with DAS-DEC and IAS-DEC, DADEC decreases aggregation latency by 4.4 × on average. In DAS-DEC and

IAS-DEC, a CDS-based tree is constructed for data aggregation, resulting in a large average number of children and a

high aggregation latency. Compared with DICA-DEC, DADEC decreases aggregation latency by 2.8 × on average. In

DICA-DEC, the aggregation tree is constructed with a traditional SISO network, which generates a deeper tree than

DADEC, which is based on MIMO. A deeper tree results in larger aggregation latency, since nodes are scheduled based

on the aggregation tree level by level.

Another observation from Fig. 8(c) is that as the number of antennas increases, the performance of DICA-DEC

is surpassed by IAS-DEC. DICA is the most efficient existing algorithm for minimizing the aggregation latency in

traditional WSNs. However, when DICA and IAS are modified for the DEC network, IAS-DEC performance exceeds

DICA-DEC, which indicates that DICA does not scale well and DICA-DEC lacks stability. From Fig. 8, we can also see

that DADEC not only obtains the lowest aggregation latency but also is the most stable.
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5.2 Aggregation Latency in Massive DEC Networks

In DEC networks, there are often a large number of nodes. Fig. 9 shows that the data aggregation latencies of DADEC

are again far below those of DAS, IAS, and DICA. Compared with DAS-DEC and IAS-DEC, DADEC decreases the

aggregation latency by 3.3 × on average. Compared with DICA-DEC, DADEC decreases the aggregation latency by 2.4

× on average. The performance improvement rate is slightly lower than that of small DEC networks. This is because the

aggregation latency base in a massive DEC network is larger. Specifically, when there are more nodes, the aggregation

tree will have more branches. However, children on different branches do not compete for time slots because there is no

conflict according to the interference model. Therefore, only adding nodes on the same branch will lead to an increase in

data aggregation delay, and adding nodes on different branches will not lead to an increase in data aggregation latency.

When the number of branches is more, the number of nodes that can be connected is more for each additional time slot.

The results of Fig. 9 show also that DADEC not only obtains the lowest latency but also is the most stable. DADEC has

the maximum stability because it uses each available time slot more fully and evenly. The simulation results in both

small and massive DEC networks show high performance for DADEC, indicating good node scalability.

5.3 Node Distribution in Aggregation Trees

In this section, we investigate the node distribution in the generated data aggregation tree. Since the aggregation trees

of DAS-DEC, IAS-DEC, and DICA-DEC are the same as those of DAS, IAS, and DICA, we only compare DADEC with

DAS-DEC, IAS-DEC, and DICA-DEC. We set the number of antennas to be 3 for each node. The simulation results

indicate that the aggregation tree constructed by DADEC has the most suitable average number and maximum number

of child nodes, which fully and evenly utilizes communication resources, resulting in minimal aggregation latency.

As shown in Fig. 10(a) and Fig. 10(b), the average and maximum number of child nodes of DAS-DEC and IAS-DEC are

much larger than those of DADEC and DICA, which corresponds to a higher proportion of leaf nodes with DAS-DEC

and IAS-DEC compared to DICA-DEC and DADEC (Fig. 10(c)). The large average and maximum number of child nodes

lead to large aggregation latency. However, the average number of child nodes and the maximum number of child

nodes of DICA-DEC is smaller than that of DADEC, which indicates that the aggregation tree of DICA-DEC is deeper

than that of DADEC. Because nodes are scheduled based on aggregation tree level by level, a deeper tree also leads to

larger aggregation latency.
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Fig. 11. Result analysis of handling dynamic changes in network topology.
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5.4 Handling Network Topology Changes

In this section, we evaluate the performance of DADEC for handling network topology changes, namely, node joining,

link failure, and node failure. Fig. 11 shows the results. The grey part represents the success ratio of the direct search

strategy, the orange part represents the success ratio of the backup strategy and the yellow part denotes the failure

ratio.

Fig. 11(a) shows the result of a new node joining the DEC network. The direct search strategy returns a feasible

transmission schedule for a new joining node in an average of 91% cases, illustrating the strong scalability of the

proposed strategy to find available time slots for the new node among its neighbors after they execute DADEC. Fig. 11(b)

shows the results of handling link failure. The direct search strategy successfully handles link failure in an average of

99% of cases. Finally, Fig. 11(c) shows the results of handling node failure. The direct search strategy returns a feasible

transmission schedule for all children of the broken node in an average of 91% cases.

The success ratio of the strategy for node joining is equal to that for node failure, and lower than that for link failure.

This is because the new node increases the number of communications, which decreases the available communication

resources, thereby reducing the probability of finding a feasible available time slot among neighbors. When a node

fails, the available communication resources are reduced, reducing the possibility of finding a viable time slot among

neighbors. However, after direct searching fails, the probability of backup strategy finding available time slots is almost

0%. This indicates that the proposed DADEC algorithm schedules every node fairly and evenly. Therefore, while direct

searching failing, the nodes involved in the backup also can not provide available time slots at this time.

5.5 Messages Overhead

Fig. 12 shows the number of messages generated by distributed methods DAS-DEC, DICA-DEC and DADEC. As shown

in Fig. 12(a), Fig. 12(b) and Fig. 12(c), the number of messages generated by DADEC is significantly smaller than that of

the other methods across all scenarios. This is because DADEC employs MIMO technology for data aggregation tree

construction and scheduling, and it only needs to coordinate with its direct neighbors. In contrast, the DAS-DEC uses a

two-step disjoint procedure in which each node must communicate with nodes located two hops away. DICA-DEC first

adopts DICA’s method for constructing the aggregation tree and then applies MIMO-based scheduling—also using a

two-step disjoint process—which leads to a greater number of control messages than DADEC. Furthermore, when the

number of antennas exceeds seven, the message overhead of DICA-DEC even surpasses that of DAS-DEC.
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Fig. 12. The number of exchanged messages.
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5.6 Discussion

Our simulation results confirm the following performance improvements:

(1) DADEC has excellent performance in aggregation latency not only in small scale DEC networks but also in

massive scale networks. This indicates that DADEC has high adaptability.

(2) Compared with existing methods, the aggregation tree generated by DADEC has the best structure in terms of

average number and maximum number of child nodes.

(3) DADEC demonstrates strong robustness for handling network topology changes.

(4) Compared with existing distributed algorithms, DADEC has the smallest message overhead.

DADEC is an efficient distributed algorithm that only needs to send and exchange messages between adjacent nodes.

The information in each node does not need to be transmitted to the whole DEC network, which saves communication

overhead. However, DADEC has its limitations: when both the direct search and the backup fail, DADEC will be run

again to reschedule all the nodes of the whole DEC network. This is because the strategies for handling network

topology changes just search neighbors within one to two levels of the damaged nodes or links. However, according

to simulation results, the full DADEC process needs to run rarely for topology changes. This is because the direct

searching and backup procedures are generally able to find a conflict-free schedule, owing to the robust performance of

the algorithms and the ample number of antennas available at neighboring nodes.

Data aggregation has long been a key research focus in traditional WSNs due to its potential to significantly

reduce energy consumption and resource overhead. With the rapid development of DEC technologies, the number

of terminal devices has increased substantially. As a foundational technology for 5G/6G, MIMO enhances wireless

network communication capabilities and improves the utilization of communication resources in DEC networks.

Data aggregation in MIMO-enabled DEC networks not only expands communication capacity but also lowers energy

consumption, making it a pressing and valuable research topic. With the rising demand for real-time applications,

minimizing data aggregation latency has become a central issue in recent studies. However, the introduction of MIMO

technology leads to a fundamentally different interference model, rendering traditional minimum-latency aggregation

methods designed for SISO-based WSNs inadequate. To address this gap, we propose a novel latency-minimizing data

aggregation scheme DADEC specifically designed for MIMO-enabled DEC environments.

Compared to SISO systems, MIMO significantly improves communication efficiency and reduces interference. Never-

theless, MIMO antennas typically consume more power, posing challenges for deployment in battery-powered terminal

edge devices. Recent advancements in Multiple Directional Antenna Wireless Sensor Networks [31, 50] have demon-

strated the feasibility of incorporating MIMO into WSNs. In data aggregation research, real-world deployment remains

difficult due to discrepancies between theoretical models and practical environments. Compared to previously studied

network architectures, MIMO-enabled networks exhibit greater complexity. Consequently, recent work on MIMO-based

data aggregation [61] has primarily relied on simulated experimental setups. Acknowledging the importance of practical

validation, we plan to evaluate our proposed approach on testbeds and in real-world applications in future work.

6 Conclusions

In this paper, we provided a first study on minimizing latency in an aggregation schedule for modern DEC networks.

Due to the use of multiple antennas and MIMO, the interference model of a modern DEC network is different from

that of traditional WSNs. We proposed a distributed and efficient method, named DADEC, which intertwines the

construction of an aggregation tree and the scheduling of node transmissions. In DADEC, each node may select its
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parent from its neighbors on the same level, upper level, and lower level, which fully utilizes transmission time slots,

thereby reducing data aggregation latency. Additionally, we proposed lightweight adaptive strategies to update the

schedule in case of network topology changes without increasing data aggregation latency. Simulation results showed

that DADEC significantly reduces aggregation latency by at least 2.6× on average compared to the state-of-the-art

methods.

In future works, we will investigate the problem of minimizing data aggregation latency in multi-sink DEC networks

and in mobile sink DEC networks. Initially, we will investigate the efficiency of centralized and distributed methods.

Second, for a mobile sink, the mobility law is an important factor affecting aggregation latency. Therefore, the impact

of sink node mobility on data aggregation latency will also be investigated.
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