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 The problem considered in this work is formation control for non-identical 

linear multi-agent systems (MASs) under a time-varying communication 

network. The size of the formation is scalable via a scaling factor determined 

by a leader agent. Past works on scalable formation are limited to identical 

agents under a fixed communication network. In addition, the formation 

scaling variable is updated under a leader-follower network. Differently, this 

work considers a leaderless undirected network in addition to a  
leader-follower network to update the formation scaling variable. The 

control law to achieve scalable formation is based on the internal model 

principle and consensus algorithm. A biased reference output, updated in a 

distributed manner, is introduced such that each agent tracks a different 
reference output. Numerical examples show the effectiveness of the 

proposed method. 
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1. INTRODUCTION 

Cooperative control of multi-agent systems (MASs) has received much attention from the research 

community in recent years. One active area in MASs is achieving state or output consensus among agents 

[1]–[4], and others, wireless sensor networks [5]–[7] and others, and task scheduling [8], [9], and others. One 

extension of consensus is multi-agent formation. In the literature of multi-agent formation, the formation is 

produced by introducing a bias to the consensus control law of each agent, see for example [10]–[15]. The 

bias is introduced so that the states or outputs of agents differ by the bias amount. Another formation control 

problem is by considering obstacle or collision avoidance [16], [17] and multi-robot navigation [18]–[22]. 

However, in the approaches mentioned above, the formation size cannot be controlled or changed during the 

operation of MAS. The environment where MAS operates may change over time, for example, MAS may 

encounter a path narrower than its current formation size. In this situation, the ability to adjust the formation 

size is essential for MAS in continuing its operation. 

Past works on formation control with formation size adjustment (scalable formation problem) are 

sparse. The works Coogan and Arcak [23] and Coogan et al. [24] solve the scalable formation problem of 

double integrator agents by introducing an auxiliary state that acts as a multiplier to the bias in the standard 

formation control law. In one of the methods discussed by [24], the auxiliary state is updated by using a 

consensus algorithm. Whereas in [23], the auxiliary state is updated by estimating the desired formation 

scaling factor (known only by leader agent (s)) by monitoring the relative position of agents’ neighbor. In 

[23], both the single link and multi-link method in monitoring the neighbors’ position is discussed, while in 

https://creativecommons.org/licenses/by-sa/4.0/


                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 12, No. 3, June 2022: 2721-2732 

2722 

[24], only the single link method is discussed. When the auxiliary state reaches consensus, all agents have 

similar multiplier to their formation parameter. Thus, the whole group reach a formation where its size is a 

multiplication to the consensus value of the auxiliary state. In [24], the leader-follower network is used so 

that the consensus value of the auxiliary state is dictated by the initial value of the leader agent’s auxiliary 

state. The work [25] discusses scalable formation for single integrator and double integrator agents by using a 

self-loop communication weight. The formation parameter is embedded in the self-loop communication 

weight. However, the communication network is considered to be fixed. 

Scalable formation control considering identical linear system agents is discussed in [26]. In [26], a 

consensus-based scalable formation algorithm is used as a dynamic compensator. Similar to [24], the work 

[26] also uses auxiliary state as the multiplier to the formation parameter. In addition to the scalable 

formation, the work [26] allow for orientation adjustment. This additional adjustment is achieved by adding a 

variable multiplied to the desired position in the dynamic compensator. The works [23]–[26] consider fixed 

communication networks and identical agents in their formulation. Moreover, the network used to update the 

auxiliary state (formation scaling factor variable) is a leader-follower network. Scalable formation for 

heterogeneous agents under time-varying network can be found in [27]. The work considers continuous time 

agent model and leader-follower network. 

Unlike the works [23]–[26] that consider scalable formation for identical agents under fixed 

network, this work considers scalable formation for non-identical agents under a time-varying 

communication network. Moreover, unlike the work [27], this work considers leaderless undirected network 

in addition to leader-follower network in updating the formation scaling variable. Non-identical agents’ 

consideration is important in the formulation of MAS since not all agents are made similar; and also,  

non-identical agents formulation allows for different agents to cooperatively work under similar network  

(for example, drone and ground robot). Time-varying communication consideration is important since the 

communication network among agents may be changing during the operation due to weather, packet drop, 

and signal loss. The time-varying network formulation is important to guarantee the MAS algorithm to work 

under these situations (under some common network assumption, for example jointly connected network).  

Leaderless network formulation is needed on a situation where leader-follower network is not 

suitable for MAS operation. An example is when the formation leader (the agent that determine the formation 

size) must be changed during the operation. In scalable formation under leader-follower network, the leader 

agent is the formation leader, and the leader agent does not receive information from other agents. Suppose 

agent 𝑞 is the leader agent in the network. When the formation leader is changed to another agent; since there 

is no information coming to agent 𝑞, then the whole agents cannot reach consensus (spanning tree condition 

is violated). Formation leader change during the operation is needed when the formation leader experiences 

faulty which makes it unable to continue its purpose.  

The control input in this work is based on the internal model principal approach described by [3]. 

The internal model principle approach is to devise a reference output which will be tracked by the output of 

each agent. A bias is then introduced in the reference output so that agents track different output and hence 

reach a formation. Moreover, a virtual state is multiplied to the reference output for the purpose of resizing 

the formation. Two network cases in updating the virtual state, leader-follower and leaderless undirected 

(both are time-varying networks), are discussed in this work. In achieving scalable formation for leaderless 

undirected network, the result from [28] is used to estimate the consensus time duration. This time duration is 

needed by the formation leader to know when it can change the formation size into the new one. It is shown 

that the consensus time duration is a function of the desired error bounds between the desired and actual 

formation scaling factor. The proposed work is expected to contribute in the application of search and rescue 

[29]–[32], area surveillance [33], [34], and others. 

Non-negative and positive integer sets are indicated by ℤ0
+, and ℤ+ respectively. Let 𝑀, 𝐿 ∈  ℤ+ with 

𝑀 > 𝐿. Then ℤ0
𝑀 ∶= {0,1,2, ⋯ , 𝑀} and ℤ𝐿

𝑀 ∶= {𝐿, 𝐿 + 1, ⋯ , 𝑀}. Meanwhile, ℝ, ℝ𝑛 , ℝ𝑛×𝑚 refer respectively 

to the sets of real numbers, 𝑛-dimensional real vectors and 𝑛 by 𝑚 real matrices. 𝐼𝑛 is the 𝑛 ×  𝑛 identity 

matrix with 1𝑛 being the 𝑛-column vector of all ones (subscript omitted when the dimension is clear). Given 

a set 𝐶, |𝐶| denotes its cardinality. The transpose of matrix 𝑀 and vector 𝑣 are indicated by 𝑀′ and 𝑣′, 
respectively. Additional notations are introduced when required in the text. 

 

 

2. RESEARCH METHOD 

In this section, the problem will be formally presented, and the proposed distributed algorithm will 

be discussed. The proposed distributed algorithm is based on the internal model principle which has the 

advantage to be used when the communication network is time-varying, and the agent’s model are non-

identical. Since the proposed algorithm involves the use of graph, a brief discussion on the graph notation is 
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discussed in the beginning of this section. The problem definition and the proposed algorithm are presented 

subsequently.  

 

2.1.  Graph notation 

The network of 𝑁 nodes described by a time-varying graph is 𝒢(𝑡) = (𝒱, ℰ(𝑡)) with vertex set 

𝒱 = {1,2, ⋯ , 𝑁} and edge set ℰ(𝑡) ⊆  𝒱 × 𝒱. When the graph sequence 𝒢(𝑡) is a directed graph, the pair 
(𝑗, 𝑖) ∈ ℰ(𝑡) if node 𝑗 points towards node 𝑖 at time 𝑡. On the other hand, when the graph sequence 𝒢(𝑡) is 

undirected, (𝑗, 𝑖) ∈ ℰ(𝑡) if node 𝑗 is adjacent to node 𝑖 at time 𝑡 and vice versa. The set of neighbors of node 𝑖 
at time 𝑡 is 𝒩𝑖(𝑡): = {𝑗 ∈ 𝒱: (𝑗, 𝑖) ∈ ℰ(𝑡), 𝑖 ≠  𝑗}. We define 𝑑𝑖(𝑡) = |𝒩𝑖(𝑡)| to be the number of neighbors 

of agent 𝑖 at time 𝑡. 

Remark 1. The largest possible 𝑑𝑖(𝑡) for all 𝑖 ∈ ℤ𝑁, 𝑡 ≥  0, is 𝑁 − 1.  

The union of the graph sequence 𝒢(𝑡) at the time interval [𝑡𝑎 , 𝑡𝑏] is defined as 𝒢𝑡𝑎

𝑡𝑏  = (𝒱, ⋃ ℰ(𝑡)
𝑡𝑏
𝑡𝑎

). 

The adjacency matrix 𝒜(𝑡) = [𝑎𝑖𝑗(𝑡)] of 𝒢(𝑡) is the 𝑁 ×  𝑁 matrix whose (𝑖, 𝑗) entry is 1 if 

(𝑗, 𝑖) ∈ ℰ(𝑡), and 0 otherwise. When the graph 𝒢(𝑡) is undirected, then 𝑎𝑖𝑗(𝑡) = 𝑎𝑗𝑖(𝑡) for all 𝑖, 𝑗 ∈ 𝒱. The 

standard Perron matrix 𝑃(𝑡) = [𝑝𝑖𝑗(𝑡)] associated with to graph 𝒢(𝑡) is defined by 

 

𝑝𝑖𝑗(𝑡) = {
1 − 𝛾 ⋅ 𝑑𝑖(𝑡)

𝛾 ⋅ 𝑎𝑖𝑗(𝑡)
   

𝑖 = 𝑗,
𝑖 ≠ 𝑗,

 

 

where 𝛾 =
1

𝑁
, and this imply that the off-diagonal term of 𝑃(𝑡) is either 

1

𝑁
 or 0. By the above construction, it 

is easy to see that 𝑃(𝑡) is a nonnegative matrix and its row sum equals one, implying that 𝑃(𝑡) is a stochastic 

matrix, and also its diagonal entries are positive. 

 

2.2.  Problem formulation 

Consider 𝑁 non-identical agents where each agent 𝑖 is given by the discrete-time model (1) and (2): 

 

𝑥𝑖(𝑡 + 1) = 𝐴𝑖𝑥𝑖(𝑡) + 𝐵𝑖𝑢𝑖(𝑡), 𝑖 ∈ ℤ𝑁 (1) 

 

𝑦𝑖(𝑡) = 𝐶𝑖𝑥𝑖(𝑡), 𝑖 ∈ ℤ𝑁 (2) 

 

where 𝑥𝑖(⋅) ∈ ℝ𝑛𝑖 , 𝑦𝑖(⋅) ∈ ℝ𝑝 and 𝑢𝑖(⋅) ∈ ℝ𝑚𝑖 are the state, output, and control signal of agent 𝑖. 
Meanwhile, 𝐴𝑖, 𝐵𝑖, 𝐶𝑖 are the state matrix, input matrix, and output matrix of agent 𝑖, respectively. The 

variables 𝑛𝑖 ∈ ℤ+, 𝑝 ∈ ℤ+, 𝑚𝑖 ∈ ℤ+ are the vector’s dimension of the state 𝑥𝑖, output 𝑦𝑖 , and control input 𝑢𝑖. 

By non-identical agents, it means that 𝐴𝑖, 𝐵𝑖, 𝐶𝑖 are not necessarily similar to 𝐴𝑗, 𝐵𝑗, 𝐶𝑗 for 𝑖, 𝑗 ∈ ℤ𝑁. Also note 

that the output dimension for all agents is the same and this is necessary for agents to reach output-formation. 

The assumptions on the systems' matrices are: 

Assumption (A1). The pair (𝐴𝑖, 𝐵𝑖) and (𝐴𝑖, 𝐶𝑖) are stabilizable and detectable for all 𝑖 ∈  ℤ𝑁. 

This work aims to coordinate the 𝑁 agents in a distributed manner to form a scalable formation via a 

scaling factor (scalable formation). Let 𝛿𝑖 ∈ ℝ𝑝 and 𝛿𝑗  ∈ ℝ𝑝 be the desired outputs of agents 𝑖 and 𝑗 defined 

on a local coordinate system, then the scalable formation objective is such that: 

 

lim
𝑡→∞

(𝑦𝑖(𝑡) − 𝑦𝑗(𝑡))  = 𝛼(𝛿𝑖 − 𝛿𝑗), ∀ 𝑖, 𝑗 ∈ ℤ𝑁, 

 

where 𝛼 ∈ ℝ+ is the desired scaling factor of the formation that is determined by a leader agent (formation 

leader).  

The communication network among agents is represented by a time-varying graph 𝒢(𝑡) with two 

cases being considered: 

- Case leader-follower (LF). 𝒢(𝑡) is a directed graph with 𝜅 ∈ ℤ𝑁 as the leader node. This implies that 

𝑎𝜅𝑗(𝑡) = 0 for all 𝑡 ≥  0 and 𝑗 ∈ ℤ𝑁. 

- Case leaderless undirected (LLU). 𝒢(𝑡) is an undirected graph. 

Remark 2. Let 𝑒𝜅 ∈ ℝ𝑁 be a vector of zeros except its 𝜅𝑡ℎ  entry being 1. The consequences of Case LF is 

that the 𝜅𝑡ℎ  row of 𝑃(𝑡) is 𝑒𝜅
′  for all 𝑡 ≥  0. Thus, 𝑒𝜅

′ 𝑃(𝑡) = 𝑒𝜅
′  holds for all 𝑡 ≥  0. This implies that 𝑒𝜅

′  is the 

left eigenvector of 𝑃(𝑡) corresponding to its eigenvalue of 1 for all 𝑡 ≥  0.  

Remark 3. In case LLU, 𝑃(𝑡) is a doubly stochastic matrix. Therefore, 1𝑁
′  is the left eigenvector of 𝑃(𝑡) 

corresponding to its eigenvalue of 1 for all 𝑡 ≥  0, i.e., 1𝑁
′ 𝑃(𝑡) = 1𝑁

′  for all 𝑡 ≥  0.  
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2.3.  Proposed control input for case LF 

The proposed control input to the 𝑖𝑡ℎ agent (1)-(2) is based on the internal model principal approach 

discussed in [3]: 

 

𝑢𝑖(𝑡) = 𝐾𝑖�̂�𝑖(𝑡) + 𝐿𝜆𝑖
𝜆𝑖(𝑡) + 𝐿𝑤𝑖

𝑤𝑖(𝑡),   𝑖 ∈ ℤ𝑁 (3) 

 

where 𝐾𝑖 ∈ ℝ𝑚𝑖× 𝑛𝑖 is a feedback matrix designed such that (𝐴𝑖 + 𝐵𝑖𝐾𝑖) is Schur for all 𝑖 ∈ ℤ𝑁, while 

𝐿𝜆𝑖
∈ ℝ𝑚𝑖 and 𝐿𝑤𝑖

∈ ℝ𝑚𝑖× �̅�  are the feedback vector and feedback matrix from the internal model principle. 

The state �̂�𝑖 ∈ ℝ𝑛𝑖 in (3) is the estimate of 𝑥𝑖 obtained from 

 

�̂�𝑖(𝑡 + 1) = 𝐴𝑖�̂�𝑖(𝑡) + 𝐵𝑖𝑢𝑖(𝑡) + 𝐻𝑖(�̂�𝑖(𝑡) − 𝑦𝑖(𝑡)), 𝑖 ∈ ℤ𝑁 (4) 

 

�̂�𝑖(𝑡) = 𝐶𝑖�̂�𝑖(𝑡), 𝑖 ∈ ℤ𝑁 (5) 

 

where �̂�𝑖 is the estimated output, and 𝐻𝑖 ∈ ℝ𝑛𝑖× 𝑝 is feedback matrix designed such that (𝐴𝑖 + 𝐻𝑖𝐶𝑖) is Schur 

for all 𝑖 ∈ ℤ𝑁. The variables 𝜆𝑖 ∈ ℝ and 𝑤𝑖 ∈ ℝ�̅� in (3) are the states of reference generator, with 𝜆𝑖 as the 

formation scaling factor variable of agent 𝑖 and 𝑤𝑖 as the common trajectory among all agents. The dynamics 

of 𝜆𝑖 and 𝑤𝑖 are 

 

𝜆𝑖(𝑡 + 1) =  ∑ 𝑝𝑖𝑗(𝑡)𝜆𝑗(𝑡)𝑁
𝑗=1 , 𝑖 ∈ ℤ𝑁 (6) 

 

𝑤𝑖(𝑡 + 1) = 𝑆 ∑ 𝑝𝑖𝑗(𝑡)𝑤𝑗(𝑡), 𝑖 ∈ ℤ𝑁𝑁
𝑗=1  (7) 

 

In (6)-(7), 𝑝𝑖𝑗(𝑡) is the entry of the Perron matrix 𝑃(𝑡). In (7), 𝑆 is the state matrix of the reference 

generator state 𝑤𝑖 with the following assumption made on 𝑆: 

Assumption (A2). Eigenvalues of S lie on the unit circle. 

Meanwhile, the assumption on graph 𝒢(𝑡) for case LF is. 

Assumption (A3). The graph 𝒢(𝑡) is uniformly connected.  

The graph sequence 𝒢(𝑡) is said to be uniformly connected if there exist a finite time horizon 𝑇 > 0 such that 

for all 𝑡, the graph 𝒢𝑡
𝑡+𝑇 contains a spanning tree, or that there exist a directed path from at least one node to 

every other node. (A3) is a standard assumption on consensus problem under directed time-varying graph 

(see for example [35] and [1]). 

To achieve scalable formation, the output of agent 𝑖 will be made to track its reference-output defined 

in (8): 

 

𝑦𝑖,𝑟𝑒𝑓(𝑡) =  𝛿𝑖𝜆𝑖(𝑡) + 𝑄𝑤𝑖(𝑡) (8) 

 

where 𝛿𝑖 ∈ ℝ𝑝 (𝛿𝑖 ≠ 𝛿𝑗;  𝑖, 𝑗 ∈ ℤ𝑁) is the desired output of agent 𝑖 defined on the local coordinate system and 

𝑄 is the output matrix of 𝑤𝑖 . Refer to [35] and [1], under (A3), the 𝑁 agents (6)-(7) reach consensus 

exponentially, or that 𝜆𝑖(𝑡) → 𝜆∞ and 𝑤𝑖(𝑡) →  �̅�(𝑡) exponentially for all 𝑖 ∈ ℤ𝑁, where �̅�(𝑡) is a solution to 

𝑤0(𝑡 + 1) = 𝑆𝑤0(𝑡) for some 𝑤0 ∈ ℝ�̅�. Since 𝜆𝑖(𝑡) → 𝜆∞ and 𝑤𝑖(𝑡) →  �̅�(𝑡)for all 𝑖 ∈ ℤ𝑁, then 

𝑦𝑖,,𝑟𝑒𝑓(𝑡) → 𝛿𝑖𝜆∞ + 𝑄�̅�(𝑡) for all 𝑖 ∈ ℤ𝑁. Thus, we can see that asymptotically 𝑦𝑖,𝑟𝑒𝑓(𝑡) contains two 

components. The first component, 𝛿𝑖𝜆∞, is the formation component scalable by 𝜆∞ and the second 

component, 𝑄�̅�(𝑡), is the common (consensus) trajectory component.  

If each 𝑦𝑖 tracks 𝑦𝑖,𝑟𝑒𝑓 asymptotically, which will be shown shortly, then asymptotically the outputs 

of agents 𝑖 and 𝑗, 𝑖, 𝑗 ∈ ℤ𝑁 will differ by 𝜆∞(𝛿𝑖 − 𝛿𝑗), i.e. lim
𝑡→ ∞

(𝑦𝑖(𝑡) − 𝑦𝑗(𝑡)) = 𝜆∞(𝛿𝑖 − 𝛿𝑗) for all 𝑖, 𝑗 ∈ ℤ𝑁. 

This implies that 𝜆∞ is the formation scaling factor. The following lemma shows that for Case LF, suppose 

node 𝜅 is the leader node, then agent 𝜅 is also the leader agent that can determine 𝜆∞ (formation leader): 

Lemma 1. Let node 𝜅 ∈ ℤ𝑁 be the leader node in the leader-follower graph 𝒢(𝑡). Given system of 𝑁 agents 

(6). Suppose (A3) holds. Then 𝜆𝑖(𝑡) → 𝜆𝜅(𝑡0) for all 𝑖 ∈ ℤ𝑁, where 𝜆𝜅(𝑡0) is the initial condition of 𝜆𝜅 and 

𝑡0 is a moving initial time (𝑡0 is not necessarily equals zero). Lemma 1 is a special case of the discrete-time 

case in [2]. The proof of Lemma 1 can be shown by taking results from [2] and utilizing Remark 2. Thus, the 

proof is omitted. 

By noting that asymptotically 𝑦𝑖,𝑟𝑒𝑓(𝑡) = 𝛿𝑖𝜆∞ + 𝑄�̅�(𝑡), where 𝜆∞ is a constant and �̅�(𝑡) is a 

solution to the dynamics 𝑤0(𝑡 + 1) = 𝑆𝑤0(𝑡), to ensure each agent tracks their own reference-output, the 

feedback vector 𝐿𝜆𝑖
 and feedback matrix 𝐿𝑤𝑖

 are designed via the well-known internal model principle [36]. 
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𝐿𝜆𝑖
 in (3) is feedback vector computed by 𝐿𝜆𝑖

= Γ𝜆𝑖
− 𝐾𝑖Π𝜆𝑖

, where Γ𝜆𝑖
 and Π𝜆𝑖

 are the solutions to the 

following Francis equations: 

 

𝐴𝑖Π𝜆𝑖
+ 𝐵𝑖Γ𝜆𝑖

= Π𝜆𝑖
 (9) 

 

𝐶𝑖Π𝜆𝑖
= 𝛿𝑖 (10) 

 

On the other hand, 𝐿𝑤𝑖
 is feedback matrix computed by 𝐿𝑤𝑖

= Γ𝑤𝑖
− 𝐾𝑖Π𝑤𝑖

, where Γ𝑤𝑖
 and Π𝑤𝑖

 are the 

solutions to the following Francis equations: 

 

𝐴𝑖Π𝑤𝑖
+ 𝐵𝑖Γ𝑤𝑖

= Π𝑤𝑖
𝑆 (11) 

 

𝐶𝑖Π𝑤𝑖
= 𝑄 (12) 

 

To guarantee solvability of (9)-(10) and (11)-(12) for any 𝛿𝑖 and 𝑄, the following assumption is needed [36]: 

Assumption (A4). The matrices: 

 

[
𝐴𝑖 − 𝐼𝑛𝑖

𝐵𝑖

𝐶𝑖 0
] and [

𝐴𝑖 − 𝜉𝐼𝑛𝑖
𝐵𝑖

𝐶𝑖 0
] 

 

are full-row rank for all 𝑖 ∈ ℤ𝑁 and for every eigenvalue 𝜉 of 𝑆. 

 

2.4.  Proposed control input for case LLU 

The case LLU is similar to Case LF. The controller, observer, dynamics of λ_i and w_i are similarly 

given by (3), (4)-(5), (6)-(7). All assumptions are also needed except (A3). Instead of (A3), the assumption 

on the communication graph is 

Assumption (A5). The graph 𝒢(𝑡) is uniformly strongly connected. 

The graph sequence 𝒢(𝑡) is said to be uniformly strongly connected if there exist a finite time horizon 𝑇 > 0 

such that for all 𝑡, the graph 𝒢𝑡
𝑡+𝑇 is strongly connected, or that there exist a directed path between any two 

nodes. Since an undirected graph is bidirectional, an undirected graph that contains a spanning tree has the 
properties that any two nodes in the graph is connected by a path, which means that the graph is strongly 

connected. Therefore, (A5) is used here instead of (A3).  

We will now discuss the method so that a designated leader agent is able to determine the formation 

scaling factor. Since case LLU is similar to case LF, except of the network topology, it can be shown that the 

consensus value of 𝜆 is also the formation scaling factor. We first state the following result which is the 

undirected network version of Lemma 1: 

Lemma 2. Given system of N agents (6) where the communication graph 𝒢(𝑡) is undirected. Suppose (A5) 

holds, then 𝜆𝑖(𝑡) →
1

𝑁
∑  𝜆𝑗(𝑡0)𝑁

𝑗=1  for all 𝑖 ∈ ℤ𝑁. The proof of Lemma 2 can be shown by taking results from 

[2] and noting Remark 3. Thus, the proof is omitted. 

By Lemma 2, for case LLU, the formation scaling factor is the average of the initial condition of 𝜆. To 

make the consensus value of 𝜆 equal to the desired formation scaling factor, then the leader agent must know 

the initial states of 𝜆𝑖 for all 𝑖 which is too demanding. Our approach is to have the leader agent to wait until 

𝜆 reach consensus with some reasonable tolerance, and then the leader agent uses its own 𝜆 as the estimate of 

the 𝜆 of other agents. In other words, the problem is to compute the waiting time, 𝑡̅, before the leader agent 

can change its 𝜆 to a new value such that the error bound between the desired formation scaling factor, 𝜆d, 

and the actual formation scaling factor, 𝜆∞, is known. We shall assume here that although the leader agent 

updates its λ using (6), the leader agent is authorized to reset its 𝜆 to any real number at any time. 

Let agent 𝜅 ∈ ℤ𝑁 be the designated leader agent. We start the analysis by first defining the choice of 

the reset value of 𝜆𝜅 or 𝜆𝜅(𝑡0new
), followed by the analysis of the error bound between 𝜆d and 𝜆∞ , and the 

computation of 𝑡̅. Suppose 𝜈 >  0 is chosen where it is desired that |𝜆∞ − 𝜆d| ≤ 𝜈. Suppose further at 

𝑡∗, |𝜆𝑖(𝑡∗) − 𝜆𝑗(𝑡∗)| ≤ 𝜈 for all 𝑖, 𝑗 ∈ ℤ𝑁, where 𝑡∗ = 𝑡̅ + 𝑡0old
, where 𝑡0old

 is the previous value of 𝑡0. Let 

agent 𝜅 reset its 𝜆 at 𝑡 = 𝑡∗ to 

 

𝜆𝜅
∗ = 𝑁𝜆d − (𝑁 − 1)𝜆𝜅(𝑡∗) (13) 

 

where 𝜆𝜅(𝑡∗) is computed from (6). The following lemma shows that |𝜆∞ − 𝜆d| ≤ 𝜈 holds: 

Lemma 3. Consider system of 𝑁 agents (6). Let agent 𝜅 ∈ ℤ𝑁 reset its 𝜆 at 𝑡 = 𝑡∗ by (13) and suppose 

|𝜆𝑖(𝑡∗) − 𝜆𝑗(𝑡∗)| ≤ 𝜈 holds for all 𝑖, 𝑗 ∈ ℤ𝑁, then |𝜆∞ − 𝜆𝑑| ≤ 𝜈 holds. 
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Proof from Lemma 2, the steady state value of 𝜆 is the average of its the initial states. Let the new 𝑡0, 𝑡0𝑛𝑒𝑤
=

𝑡∗, we can write the following for 𝜆𝑖, 𝑖 ∈ ℤ𝑁:  

 

Lim
t→∞

𝜆𝑖(𝑡)  =
1

𝑁
∑ 𝜆𝑗(𝑡0new

)

𝑁

𝑗=1

=
1

𝑁
( ∑ 𝜆𝑗(𝑡0new

+ 𝜆𝜅
∗

𝑁

𝑗=1;𝑗≠𝜅

)) 

 

by replacing 𝜆𝜅
∗  using (13), we obtain 

 

Lim
t→∞

𝜆𝑖(𝑡)  =
1

𝑁
(∑ 𝜆𝑗(𝑡∗) + 𝑁𝜆𝑑 − (𝑁 − 1)𝜆𝜅(𝑡∗)𝑁

𝑗=1;𝑗≠𝜅 )  

                    =
1

𝑁
(𝑁𝜆d + ∑ (𝜆𝑗(𝑡∗) − 𝜆𝜅(𝑡∗))𝑁

𝑗=1;𝑗≠𝜅 )  

                    = 𝜆d +
1

𝑁
∑ 𝜌𝑗

𝑁
𝑗=1;𝑗≠𝜅  = 𝜆∞, (14) 

 

where 𝜌𝑗 = 𝜆𝑗(𝑡∗) − 𝜆𝜅(𝑡∗). Since |𝜆𝜅(𝑡∗) − 𝜆𝑗(𝑡∗)| ≤ 𝜈 for all 𝑗, 𝑗 ≠ 𝜅, then −𝜈 ≤ 𝜌𝑗 ≤ 𝜈. Thus, (14) can 

be written as: 

 

𝜆d −
𝑁 − 1

𝑁
𝜈 ≤ 𝜆∞ ≤ 𝜆d +

𝑁 − 1

𝑁
𝜈 

⇒ 𝜆d − 𝜈 ≤ 𝜆∞ ≤ 𝜆d + 𝜈  
⇒ |𝜆∞ − 𝜆d| ≤ 𝜈. 

 

Then, the next problem is to compute the value of 𝑡̅ such that at 𝑡∗ = 𝑡̅ + 𝑡0old
, |𝜆𝑖(𝑡∗) − 𝜆𝑗(𝑡∗)| ≤ 𝜈 holds. 

There are two steps that will be involved to compute 𝑡̅. For the first step, we first write the solution of (6) for 

all agents as : 

 

𝜆(𝑡 + 1) = 𝑃(𝑡) ⋯  𝑃(𝑡0)𝜆(𝑡0) = 𝑃(𝑡, 𝑡0)𝜆(𝑡0) 

 

Let 𝑇 ∈ ℤ be the bounded communication interval where the union of graph sequence 𝒢(𝑡) is strongly 

connected at least every T time steps. The following lemma [28] shows that, under (A5), the difference 

between 𝑃(𝑡, 𝑡0) and 1𝑁𝑞(𝑡0) decays geometrically where 𝑞(𝑡0) = [𝑞1(𝑡0), ⋯ , 𝑞𝑁(𝑡0)]′ ∈ ℝ𝑁 is a stochastic 

vector. 

Lemma 4. [28] Consider the product of the stochastic matrices 𝑃(𝑡, 𝑡0). Let (A5) be satisfied, then for each 

𝑡0 ≥  0 there is a stochastic vector 𝑞(𝑡0) such that for all 𝑖, 𝑗 ∈ ℤ𝑁 and 𝑡 ≥  𝑡0. 

 

|[𝑃(𝑡, 𝑡0)]𝑖𝑗 − 𝑞𝑗(𝑡0)| ≤  2 ((1 −
1

𝑁𝑁𝑇
)

1
𝑇

)

𝑡−𝑡0

 

 

The reader is referred to [28] for the proof of Lemma 4. In view of Lemma 2, we know that  

lim
𝑡→∞

𝑃(𝑡, 𝑡0) =
1

𝑁
1𝑁1𝑁′. Applying this to Lemma 4 and using 𝑡0old

as the initial time, under (A5), we get 

|[𝑃(𝑡∗, 𝑡0old
)]

𝑖𝑗
−

1

𝑁
| ≤ 𝜇, with 

 

𝜇 = 2 ((1 −
1

𝑁𝑁𝑇)

1

𝑇
)

�̅�

 (15) 

 

where 𝑡̅ = 𝑡∗ − 𝑡0old
. If 𝜇 is known, then 𝑡̅ can be computed using (15). The second step is to derive 𝑡̅ as a 

function of 𝜈 where |𝜆𝑖(𝑡∗) − 𝜆𝑗(𝑡∗)| ≤ 𝜈 for all 𝑖, 𝑗 ∈ ℤ𝑁, which will be given next. 

Let |[𝑃(𝑡∗, 𝑡0old
)]

𝑖𝑗
−

1

𝑁
| ≤ 𝜇, for all 𝑖, 𝑗 ∈ ℤ𝑁then |[𝑃(𝑡∗, 𝑡0old

)]
𝑖𝑗

− [𝑃(𝑡∗, 𝑡0old
)]

ℓ𝑗
| ≤  2𝜇 for all 

𝑖, 𝑗, ℓ ∈ ℤ𝑁. Since each 𝜆𝑖(𝑡∗) = ∑ [𝑃(𝑡∗, 𝑡0old
)]

𝑖𝑗
𝜆𝑗(𝑡0old

)𝑁
𝑗=1  and 𝜆ℓ(𝑡∗) = ∑ [𝑃(𝑡∗, 𝑡0old

)]
ℓ𝑗

𝜆𝑗(𝑡0old
)𝑁

𝑗=1 , 

𝑖, ℓ ∈ ℤ𝑁, we can write 𝜆𝑖(𝑡∗) − 𝜆𝑘(𝑡∗) = ∑ ([𝑃(𝑡∗, 𝑡0old
)]

𝑖𝑗
− [𝑃(𝑡∗, 𝑡0old

)]
𝑘𝑗

)𝑁
𝑗=1 𝜆𝑗(𝑡0old

), thus 
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|𝜆𝑖(𝑡∗) − 𝜆ℓ(𝑡∗)| ≤ ∑ |([𝑃(𝑡∗, 𝑡0old
)]

𝑖𝑗
− [𝑃(𝑡∗, 𝑡0old

)]
ℓ𝑗

) 𝜆𝑗(𝑡0old
)|

𝑁

𝑗

 

= ∑ |([𝑃(𝑡∗, 𝑡0old
)]

𝑖𝑗
− [𝑃(𝑡∗, 𝑡0old

)]
ℓ𝑗

)| | 𝜆𝑗(𝑡0old
)|

𝑁

𝑗=1

 

≤ ∑ 2𝜇|𝜆𝑗(𝑡0old
)| = 2𝜇‖𝝀(𝑡0old

)‖
1

= 𝜈

𝑁

𝑗=1

 

 

for all 𝑖, ℓ ∈ ℤ𝑁. Substituting (15) to the above result, we have 

 

𝑡̅ =

ln(
𝜈

4‖𝝀(𝑡0old
)‖

1

) 

ln((1−
1

𝑁𝑁𝑇)

1
𝑇)

 (16) 

 

Remark 5. The value ‖𝝀(𝑡0old
)‖

1
 for 𝑡0𝑜𝑙𝑑

= 0 can be estimated by defining the ball that contains the 

possible initial value of 𝜆𝑖 for all 𝑖. Whereas for the subsequent 𝑡0𝑜𝑙𝑑
> 0, ‖𝝀(𝑡0old

)‖
1
 can be estimated by 

utilizing the previous value of 𝜈 and 𝜆𝑑 . 
 

 

3. RESULTS AND DISCUSSION 

3.1.  Main theorem and discussion for case LF 

By having all necessary results established in section 2.3, we can present the main result of case LF: 

Theorem 1: Given system of 𝑁 agents (1)-(2) with control input 𝑢𝑖(𝑡) given by (3), observer dynamics given 

by (4)-(5), reference generator dynamics given by (6)-(7) where the communication graph 𝒢(𝑡) is directed 

leader-follower with 𝜅 ∈ ℤ𝑁 as the leader node, and reference-output 𝑦𝑖,𝑟𝑒𝑓(𝑡) given by (8). Let 𝜆𝑑 be the 

desired scaling factor of the formation and setting 𝜆𝜅(𝑡0) = 𝜆𝑑. Suppose (A1)-(A4) are satisfied, then:  

a. yi(t) →  yi,ref(t) exponentially for all i ∈ ℤN 

b. yi,ref(t) → δiλd + Qw̅(t) exponentially for all i ∈ ℤN, and 

c. lim
t→ ∞

(yi(t) − yj(t)) = λd(δi − δj) for all i, j ∈ ℤN 

Proof: 

a. We first define �̃�𝑖(𝑡) = 𝑥𝑖(𝑡) − Π𝜆𝑖
𝜆𝑖(𝑡) − Π𝑤𝑖

𝑤𝑖(𝑡), and 𝜁𝑖(𝑡) = ∑ 𝑎𝑖𝑗(𝑡)(𝜆𝑖(𝑡) − 𝜆𝑗(𝑡))𝑗 ∈𝒩𝑖(𝑡) , 

𝜙𝑖(𝑡) = ∑ 𝑎𝑖𝑗(𝑡)(𝑤𝑖(𝑡) − 𝑤𝑗(𝑡))𝑗∈ 𝒩𝑖(𝑡)  for notational simplification. By noting the definition of 𝑝𝑖𝑗(𝑡), 

we can write the time evolution of �̃�𝑖 as: 

 

�̃�𝑖(𝑡 + 1) = 𝐴𝑖𝑥𝑖(𝑡) + 𝐵𝑖 (𝐾𝑖�̂�𝑖(𝑡) + 𝐿𝜆𝑖
𝜆𝑖(𝑡) + 𝐿𝑤𝑖

𝑤𝑖(𝑡))  

                             −Π𝜆𝑖
(𝜆𝑖(𝑡) − 𝛾 𝜁𝑖(𝑡))  − Π𝑤𝑖

𝑆(𝑤𝑖(𝑡) − 𝛾 𝜙𝑖(𝑡)) 

 

By replacing 𝐿𝜆𝑖
= Γ𝜆𝑖

− 𝐾𝑖Π𝜆𝑖
, 𝐿𝑤𝑖

= Γ𝑤𝑖
− 𝐾𝑖Π𝑤𝑖

, and �̂�𝑖 = 𝑥𝑖 − 𝜖𝑖, we can write 

 

�̃�𝑖(𝑡 + 1) = (𝐴𝑖 + 𝐵𝑖𝐾𝑖)𝑥𝑖(𝑡) − 𝐵𝑖𝐾𝑖𝜖𝑖(𝑡) + 𝐵𝑖 ((Γ𝜆𝑖
− 𝐾𝑖Π𝜆𝑖

)𝜆𝑖(𝑡) + (Γ𝑤𝑖
− 𝐾𝑖Π𝑤𝑖

)𝑤𝑖(𝑡)) 

                   −(𝐴𝑖Π𝜆𝑖
+ 𝐵𝑖Γ𝜆𝑖

)𝜆𝑖(𝑡) + Π𝜆𝑖
𝛾𝜁𝑖(𝑡) − (𝐴𝑖Π𝑤𝑖

+ 𝐵𝑖Γ𝑤𝑖
)𝑤𝑖(𝑡) + Π𝑤𝑖

𝛾𝜙𝑖(𝑡). 

 

After some algebra we have 

 

�̃�𝑖(𝑡 + 1) = (𝐴𝑖 + 𝐵𝑖𝐾𝑖)�̃�𝑖(𝑡) − 𝐵𝑖𝐾𝑖𝜖𝑖(𝑡) + Π𝜆𝑖
𝛾𝜁𝑖(𝑡) + Π𝑤𝑖

𝛾𝜙𝑖(𝑡)      

 

From [1] and [35], under (A3), we know that 𝜁𝑖(𝑡), and 𝜙𝑖(𝑡) approach zero exponentially for all 𝑖 ∈ ℤ𝑁. 

As for 𝜖𝑖, we can see that: 

 

𝜖𝑖(𝑡 + 1) = 𝑥𝑖(𝑡 + 1) − �̂�𝑖(𝑡 + 1) 

  = 𝐴𝑖(𝑥𝑖(𝑡) − �̂�𝑖(𝑡)) + 𝐻𝑖𝐶𝑖(𝑥𝑖(𝑡) − �̂�𝑖(𝑡)) 

  = (𝐴𝑖 + 𝐻𝑖𝐶𝑖)𝜖𝑖(𝑡) 
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since (𝐴𝑖 + 𝐻𝑖𝐶𝑖) is Schur for all 𝑖 ∈ ℤ𝑁, 𝜖𝑖(𝑡) approach zero exponentially. Lastly, since 𝐴𝑖 + 𝐵𝑖𝐾𝑖 is 

also Schur, from (17), �̃�𝑖(𝑡) →  0 exponentially for all 𝑖 ∈ ℤ𝑁. From the above analysis, 𝑥𝑖(𝑡) →
Π𝜆𝑖

 𝜆𝑖(𝑡) + Π𝑤𝑖
𝑤𝑖(𝑡) exponentially. Whereas, from (10) and (12) we have 𝐶𝑖Π𝜆𝑖

= 𝛿𝑖 𝑎𝑛𝑑 𝐶𝑖Π𝑤𝑖
= 𝑄. 

Thus, 𝑦𝑖(𝑡) → 𝛿𝑖 𝜆𝑖(𝑡) + 𝑄𝑤𝑖(𝑡) exponentially. And so, 𝑦𝑖(𝑡) →  𝑦𝑖,𝑟𝑒𝑓(𝑡) exponentially for all 𝑖 ∈ ℤ𝑁 is 

shown. 

b. From [1] and [35], under (A3), λ and 𝑤 reach consensus exponentially. From [35], 𝑤 converge to some 

trajectories �̅�(𝑡), which is a solution to the dynamics 𝑤0(𝑡 + 1) = 𝑆𝑤0(𝑡). Whereas for λ, from Lemma 

1, lim
𝑡→∞

𝜆𝑖(𝑡)  = 𝜆𝜅(𝑡0) and since 𝜆𝜅(𝑡0) = 𝜆d, therefore lim
𝑡→∞

𝜆𝑖(𝑡) = 𝜆d . Thus, 𝑦𝑖,𝑟𝑒𝑓(𝑡) = 𝛿𝑖𝜆𝑖(𝑡) +

𝑄𝑤𝑖(𝑡) → 𝛿𝑖𝜆d + 𝑄�̅�(𝑡) exponentially for all 𝑖 ∈ ℤ𝑁 is shown. 

c. From proof a, we have that lim
𝑡→∞

𝑦𝑖(𝑡) = 𝑦𝑖,𝑟𝑒𝑓(𝑡) holds. Whereas from proof b, we have that 

lim
𝑡→∞

𝑦𝑖,𝑟𝑒𝑓(𝑡) = 𝛿𝑖𝜆d + 𝑄�̅�(𝑡). Therefore, lim
𝑡→∞

 𝑦𝑖(𝑡) = 𝛿𝑖𝜆d + 𝑄�̅�(𝑡). Evaluating lim
𝑡→∞

(𝑦𝑖(𝑡) − 𝑦𝑗(𝑡)) =

𝜆d(𝛿𝑖 − 𝛿𝑗), the result is shown. (q.e.d). 

Remark 4. In Case LF, the leader node is also the leader agent that can change the formation scaling factor. 

The leader agent can change its λ at any time and it is guaranteed that the scaling factor of the formation will 

converge to the λ of the leader agent. 

By using algorithm proposed in this section, agents are not just achieving scalable formation, but the 

formation also moves along trajectory of �̅�(𝑡). By noting that eigenvalues of 𝑆 lie on imaginary axis, the 

trajectory of �̅�(𝑡) could be in a form of step (constant) function, ramp function, and sinusoid function. When 

�̅�(𝑡) is a step function, it can then be used to shift the formation to a different location. Meanwhile, when 

�̅�(𝑡) is a ramp function, it can be used to make the formation moves continuously like a group of birds flying 

in a formation. Lastly, when �̅�(𝑡) is a sinusoid function, the formation can be made to move in a circle. This 

is useful when we want the MAS to perform surveillance while in formation. These three functions can be 

combined to create a composite trajectory that suit the purpose of the operation. 

We note that assumption (A4) is needed to guarantee the existence of feedback matrices 𝐿𝜆𝑖
 and 𝐿𝑤𝑖

. 

These matrices are needed to track the reference output, 𝑦𝑖,𝑟𝑒𝑓. Therefore, if assumption (A4) is violated, the 

scalable formation cannot be achieved. It is easy to see that to satisfy (A4), the rank of the matrices stated in 

assumption (A4) must be 𝑛𝑖 + 𝑝. From here, we also know that 𝑚𝑖 ≥ 𝑝 is necessary for assumption (A4) to 

be satisfied, where 𝑚𝑖 is the number of columns of 𝐵𝑖 (it is also the dimension of 𝑢𝑖 and 𝑝 is the number of 

rows of 𝐶𝑖. This means that the number of control input 𝑢𝑖 must be at least equal to the number of outputs it 

will regulate. For example, a 2-dimensional problem where 𝑦𝑖 ∈ ℝ2, needs at least 2 inputs that deal with the 

dynamics in both dimensions. 

 

3.2.  Main theorem and discussion for case LLU 

By having all necessary results established in section 2.4, we can state the main result of case LLU: 

Theorem 2: Given system of 𝑁 agents (1)-(2) with control input 𝑢𝑖(𝑡) given by (3), observer dynamics given 

by (4)-(5), reference generator dynamics given by (6)-(7) where the communication graph 𝒢(𝑡) is undirected 

with 𝑇 as the bounded communication interval, and reference-output 𝑦𝑖,𝑟𝑒𝑓 (𝑡) given by (8}). Let 𝜆𝑑 be the 

desired scaling factor of the formation, the desired error bound between 𝜆∞ and 𝜆𝑑 be 𝜈, the value 𝑡̅ be 

computed using (16), and also let agent 𝜅 be designated as the leader agent and setting 𝜆𝜅 at 𝑡∗ = 𝑡̅ + 𝑡0𝑜𝑙𝑑
, 

for all 𝑡0𝑜𝑙𝑑
≥  0 following (13). Suppose (A1)-(A2) and (A4)-(A5} are satisfied, then: 

a. yi(t) →  yi,ref(t) exponentially for all i ∈ ℤN, 

b. yi,ref(t) → δiλ∞ + Qw̅(t) exponentially for all i ∈ ℤN, and 

c. lim
t→ ∞

(yi(t) − yj(t)) = λ∞(δi − δj) for all i, j ∈ ℤN, 

where |𝜆∞ − 𝜆𝑑| ≤  𝜈. 

Proof: 

a. Case LLU uses the same set of control input, observer dynamics, reference generator dynamics and 

reference-output as Case LF. They only differ in the communication graph type. Therefore, the first point 

of Theorem 2 can be proven in the same way as in the first point of Theorem 1. 

b. From [1] and [35], under (A5), λ and 𝑤 reach consensus exponentially to some consensus value 𝜆∞ and 

some consensus trajectories �̅�(𝑡). These show that 𝑦𝑖,𝑟𝑒𝑓(𝑡) → 𝛿𝑖𝜆∞ + 𝑄�̅� (𝑡) exponentially holds for all 

𝑖 ∈ ℤ𝑁.  

c. From proof a, lim
𝑡→∞

𝑦_𝑖(𝑡) = 𝑦𝑖,𝑟𝑒𝑓(𝑡) holds. Whereas, from proof b, we have that lim
𝑡→ ∞

𝑦𝑖,𝑟𝑒𝑓(𝑡) = 𝛿𝑖𝜆∞ +

𝑄�̅�(𝑡). Therefore, lim
𝑡→∞

𝑦𝑖(𝑡) = 𝛿𝑖𝜆∞ + 𝑄�̅�(𝑡). Evaluating lim
𝑡→∞

(𝑦𝑖(𝑡) − 𝑦𝑗(𝑡)) = 𝜆∞(𝛿𝑖 − 𝛿𝑗), the 

premise holds. 
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Having computed 𝑡̅ using (16), by choosing the reset value 𝜆𝜅 at 𝑡∗ = 𝑡̅ + 𝑡0old
 following (13), from Lemma 

3 we have that |𝜆∞ − 𝜆d| ≤ 𝜈 for the chosen value of 𝜈 >  0. (q.e.d) 

Remark 6. For case LLU, to change the formation scaling factor, the leader agent cannot change its λ to a 

new value at any time. Furthermore, the leader agent cannot determine the formation is scaling factor for the 

first consensus process. However, in case LLU, any agent can be designated as the leader agent during the 

operation as long that agent is given the authority to reset its λ. In other words, the leader agent can be 

changed during the operation by just giving the reset authority to the new leader agent. 

As we will see in the numerical examples, due to the waiting time 𝑡̅, scalable formation under 

leaderless undirected network has longer time interval between different formation size compared to the case 

under leader-follower network. The most important step in computing 𝑡̅ is in defining 𝜈 (the error bound) and 

computing ‖𝝀(𝑡0old
)‖

1
. The (16) is applicable to any other systems utilizing consensus algorithm under  

time-varying undirected network. Thus, the result presented in this work can be used in general situation. 

One example is on consensus network; any agent that can compute 𝑡̅ using (16) can estimate the consensus 

value of the network by just computing 𝑡̅ and monitoring its own state.  

 

3.3.  Numerical examples for cases LF and LLU 

Two numerical examples of the proposed method will be given in this subsection, one for each case. 

For both examples, 𝑁 = 3, and agent 3 is chosen as the leader agent. The communication network consists of 

two graphs 𝒢1 and 𝒢2 with 𝒜1 = [𝑎𝑖𝑗(1)] and 𝒜2 = [𝑎𝑖𝑗(2)] being the associated adjacency matrices. 𝒢(𝑡) 

switches between 𝒢1 and 𝒢2 at every time step starting from 𝒢1, and the graphs are chosen such that 𝒢1 ∪ 𝒢2 

satisfies (A3) and (A5) for each example. The system considered in both examples are the discrete-time 
version of the ones used in [3]: 

 

A1 = [
1 0.0998 0.0047
0 0.9953 0.0905
0 0.0905 0.8144

] , 𝐴2 = [
1 0.0978 0.0123
0 0.9387 0.2200
0 0.3667 0.4987

] 

 

A3 = [
1 0.0995 0.0296
0 0.9852 0.5881
0 0.0490 0.9558

] , 𝐵 = [
0
0
1

] ,   𝐶 = [
0
0
1

]

′

, 𝑆 = [
1 1
0 1

], 

 

Where 𝐵1 = 𝐵2 = 𝐵3 = 𝐵, 𝐶1 = 𝐶2 = 𝐶3 = 𝐶, and 𝑄 = [1  0]. Additionally, 𝛿1 = 1, 𝛿2 = 2 and 𝛿3 = 5. 

The first state in the system above is the position, while the second and third states are the velocity and the 
actuator state. With the above choice of systems, (A1), (A2) and (A4) are satisfied by all agents. The 

formation in the examples is a one-dimensional formation since the output of agents has dimension of 1. 

Two-dimensional formation is possible when the output of agents has dimension of 2. Simulation result for 

each case will be given in the following. 

 

3.4.  Numerical example for case LF 

For Case LF, 𝑎12(1) = 𝑎23(2) = 1, while other entries of 𝒜1 and 𝒜2 are zeros. Note that 𝒢1 ∪ 𝒢2 

is uniformly connected which satisfies (A3), and node 3 is the leader node. To show how the proposed 

method perform to achieve the scalable formation determined by agent 3, the initial condition for 𝑥, �̂�, 𝑤 and 

λ are set to be arbitrary except for initial state of 𝜆3 which are 𝜆3(0) = 1, 𝜆3(150) = 2 and 𝜆3(300) = 0.5. 

Figure 1 shows the time evolution of 𝑦𝑖 and we can see that agents track a ramp trajectory with the same 

gradient. Agents are also separated by 𝛼(𝛿𝑖 − 𝛿𝑗), 𝑖, 𝑗 ∈ ℤ3, where 𝛼 ∈ ℝ+ is determined by agent 3.  

 

3.5.  Numerical example for case LLU 

For Case LLU, 𝑎12(1) = 𝑎21(1) = 𝑎23(2) = 𝑎32(2) = 1, while other entries of 𝒜1 and 𝒜2 are 

zeros. Note that 𝒢1 ∪ 𝒢2 is uniformly strongly connected which satisfies (A3). Meanwhile, the bounded 

communication interval 𝑇 = 2. To show how the proposed method perform to achieve the scalable formation 

determined by agent 3, the initial condition for 𝑥, �̂�, and 𝑤 are set to be arbitrary. The initial condition for 

𝜆𝑖(0), 𝑖 ∈ ℤ3 is specified to be within a ball of ℬ(0,0.1). Let 𝜆d be 5 and 10 and let the actual formation 

scaling factor to be 0.9 𝜆d ≤ 𝜆∞ ≤  1.1 𝜆d. These imply that the first 𝜈 = 0.5 and the second 𝜈 = 1. To 

compute the first and the second 𝑡̅, we use |𝝀(𝑡0)|1 = 0.3 and |𝝀(𝑡0)|1 = 16 respectively. 

From the data above, the first 𝑡̅ = 1280 and the second 𝑡̅ = 6060. Therefore, we set 𝜆3(𝑡0) for  

𝑡0 = 1280 and 𝑡0 = 7340 following (13). Figure 2 shows the time evolution of 𝑦𝑖 and we can see that agents 

track a ramp trajectory with the same gradient. Agents are also separated by 𝛼(𝛿𝑖 − 𝛿𝑗), 𝑖, 𝑗 ∈ ℤ3, where 

𝛼 ∈ ℝ+ is determined by agent 3. 

 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 12, No. 3, June 2022: 2721-2732 

2730 

 
 

Figure 1. Plots of 𝑦𝑖(𝑡) againts 𝑡 for case LF 

 

 

 
 

Figure 2. Plots of 𝑦𝑖(𝑡) againts 𝑡 for case LLU 

 

 

4. CONCLUSION 

Scalable formation for non-identical linear system agents under a time-varying network has been 

presented in this paper for two graph cases. The first graph case is LF or leader- follower network. This is the 

common network setting used in any other scalable formation problem. Leader-follower network makes the 

formation scaling adjustment easy during the operation since the formation size will always follow the initial 

state of the leader’s virtual state (𝜆). The leader agent can change the formation size at any time. However, 

changing leader agent during operation is not possible due to the leader- follower network and spanning tree 

restriction. The second graph case is LLU or leaderless undirected network. This is the first work on scalable 

formation that uses undirected network, and it allows for a leader agent to determine the formation size. 

Although the leader agent cannot change the formation size any time (it needs to wait for 𝑡̅), the leader agent 

can be changed during the operation, and it is useful when the leader agent is damaged or having technical 

issues. The presented method can also be used to estimate the consensus value of an undirected network for 

more general problem. 

The scalable formation is achieved, via internal model principle, by having agents track a  

reference-output with bias. The bias has two components which are 𝛿𝑖 and 𝜆𝑖. The former is a static 

component where the desired output of agents is specified, whereas the latter is a dynamic component 

updated in a distributed manner. To make the reference- tracking possible, feedback matrices need to be 

computed and the system’s matrices must satisfy certain requirements (assumptions (A1) and (A4)). The 

contribution from this work, scalable formation formulation for non- identical agents, makes formation with 

size adjustment possible to be developed using different type of agents (with different mathematical model). 

Several types of agents can work cooperatively to be used in surveillance, searching mission, and defense 

formation. Thus, the proposed method opens more application for MASs. We take note that the  

output-feedback internal model principle used in this work is not robust to model mismatch. A robust 

scalable formation for non-identical agents is a possible future research direction. 



Int J Elec & Comp Eng  ISSN: 2088-8708  

 

Formation control of non-identical multi-agent systems (Djati Wibowo Djamari) 

2731 

ACKNOWLEDGMENTS 

This research is funded by the Indonesia Endowment Fund for Education (LPDP) under Research 

and Innovation Program (RISPRO) for electric vehicle development with contract no. PRJ-85/LPDP/2020 

and Center of Research and Community Service (CRCS) of Sampoerna University.  

 

 

REFERENCES 
[1] L. Moreau, “Stability of multiagent systems with time-dependent communication links,” IEEE Transactions on Automatic 

Control, vol. 50, no. 2, pp. 169–182, Feb. 2005, doi: 10.1109/TAC.2004.841888. 

[2] Wei Ren and R. W. Beard, “Consensus seeking in multiagent systems under dynamically changing interaction topologies,” IEEE 

Transactions on Automatic Control, vol. 50, no. 5, pp. 655–661, May 2005, doi: 10.1109/TAC.2005.846556. 

[3] P. Wieland, R. Sepulchre, and F. Allgöwer, “An internal model principle is necessary and sufficient for linear output 

synchronization,” Automatica, vol. 47, no. 5, pp. 1068–1074, 2011, doi: 10.1016/j.automatica.2011.01.081. 

[4] H. F. Grip, A. Saberi, and A. A. Stoorvogel, “Synchronization in networks of minimum-phase, non-introspective agents without 

exchange of controller states: Homogeneous, heterogeneous, and nonlinear,” Automatica, vol. 54, pp. 246–255, Apr. 2015, doi: 

10.1016/j.automatica.2015.01.011. 

[5] H. Singh, M. Bala, and S. S. Bamber, “Taxonomy of routing protocols in wireless sensor networks: A survey,” International 

Journal on Emerging Technologies, vol. 11, no. 1, pp. 43–53, 2020. 

[6] L.-L. Hung, F.-Y. Leu, K.-L. Tsai, and C.-Y. Ko, “Energy-efficient cooperative routing scheme for heterogeneous wireless sensor 

networks,” IEEE Access, vol. 8, pp. 56321–56332, 2020, doi: 10.1109/ACCESS.2020.2980877. 

[7] S. Ali et al., “An efficient cryptographic technique using modified Diffie–Hellman in wireless sensor networks,” International 

Journal of Distributed Sensor Networks, vol. 16, no. 6, Art. no. 155014772092577, Jun. 2020, doi: 10.1177/1550147720925772. 

[8] X. Hu, K.-K. Wong, and Y. Zhang, “Wireless-powered edge computing with cooperative UAV: task, time scheduling and 

trajectory design,” IEEE Transactions on Wireless Communications, vol. 19, no. 12, pp. 8083–8098, Dec. 2020, doi: 

10.1109/TWC.2020.3019097. 

[9] M. Yang, H. Ma, S. Wei, Y. Zeng, Y. Chen, and Y. Hu, “A multi-objective task scheduling method for fog computing in cyber-

physical-social services,” IEEE Access, vol. 8, pp. 65085–65095, 2020, doi: 10.1109/ACCESS.2020.2983742. 

[10] G. Lafferriere, A. Williams, J. Caughman, and J. J. P. Veerman, “Decentralized control of vehicle formations,” Systems and 

Control Letters, vol. 54, no. 9, pp. 899–910, Sep. 2005, doi: 10.1016/j.sysconle.2005.02.004. 

[11] K.-K. Oh and H.-S. Ahn, “Formation control of mobile agents based on distributed position estimation,” IEEE Transactions on 

Automatic Control, vol. 58, no. 3, pp. 737–742, Mar. 2013, doi: 10.1109/TAC.2012.2209269. 

[12] E. Peymani, H. F. Grip, A. Saberi, X. Wang, and T. I. Fossen, “H1 almost synchronization for non-identical introspective multi-

agent systems under external disturbances,” in Proceedings of the American Control Conference, Jun. 2013, pp. 3808–3813, doi: 

10.1109/acc.2013.6580420. 

[13] T. Yang, H. F. Grip, A. Saberi, M. Zhang, and A. A. Stoorvogel, “Synchronization in time-varying networks of non-introspective 

agents without exchange of controller states,” in 2014 American Control Conference, Jun. 2014, pp. 1475–1480, doi: 

10.1109/ACC.2014.6858676. 

[14] F. A. Yaghmaie, R. Su, F. L. Lewis, and L. Xie, “Multiparty consensus of linear heterogeneous multiagent systems,” IEEE 

Transactions on Automatic Control, vol. 62, no. 11, pp. 5578–5589, Nov. 2017, doi: 10.1109/TAC.2017.2691300. 

[15] M. R. Fikri and D. W. Djamari, “Full-state feedback control design for shape formation using linear quadratic regulator,” 

Indonesian Journal of Computing, Engineering and Design (IJoCED), vol. 2, no. 2, Oct. 2020, Art. no. 83, doi: 

10.35806/ijoced.v2i2.114. 

[16] C. Ghedini, C. H. C. Ribeiro, and L. Sabattini, “Toward efficient adaptive ad-hoc multi-robot network topologies,” Ad Hoc 

Networks, vol. 74, pp. 57–70, May 2018, doi: 10.1016/j.adhoc.2018.03.012. 

[17] J. Yu, J. Ji, Z. Miao, and J. Zhou, “Neural network-based region reaching formation control for multi-robot systems in obstacle 

environment,” Neurocomputing, vol. 333, pp. 11–21, Mar. 2019, doi: 10.1016/j.neucom.2018.12.051. 

[18] A. N. Jati, R. E. Saputra, M. G. Nurcahyadi, and N. T. Al Ghifary, “A multi-robot system coordination design and analysis on 

wall follower robot group,” International Journal of Electrical and Computer Engineering (IJECE), vol. 8, no. 6, pp. 5098–5106, 

Dec. 2018, doi: 10.11591/ijece.v8i6.pp5098-5106. 

[19] S. Krishnan, G. A. Rajagopalan, S. Kandhasamy, and M. Shanmugavel, “Continuous-time trajectory optimization for 

decentralized multi-robot navigation,” IFAC-PapersOnLine, vol. 53, no. 1, pp. 494–499, 2020, doi: 10.1016/j.ifacol.2020.06.083. 

[20] A. Ravankar, A. Ravankar, Y. Kobayashi, Y. Hoshino, C.-C. Peng, and M. Watanabe, “Hitchhiking based symbiotic multi-robot 

navigation in sensor networks,” Robotics, vol. 7, no. 3, Jul. 2018, Art. no. 37, doi: 10.3390/robotics7030037. 

[21] J. Zhang, Z. Xu, F. Yu, and Q. Tang, “A fully distributed multi-robot navigation method without pre-allocating target positions,” 

Autonomous Robots, vol. 45, no. 4, pp. 473–492, May 2021, doi: 10.1007/s10514-021-09981-w. 

[22] W. Chen, S. Zhou, Z. Pan, H. Zheng, and Y. Liu, “Mapless collaborative navigation for a multi-robot system based on the deep 

reinforcement learning,” Applied Sciences, vol. 9, no. 20, Oct. 2019, doi: 10.3390/app9204198. 

[23] S. Coogan and M. Arcak, “Scaling the size of a formation using relative position feedback,” Automatica, vol. 48, no. 10,  

pp. 2677–2685, Oct. 2012, doi: 10.1016/j.automatica.2012.06.083. 

[24] S. Coogan, M. Arcak, and M. Egerstedt, “Scaling the size of a multiagent formation via distributed feedback,” in IEEE 

Conference on Decision and Control and European Control Conference, Dec. 2011, pp. 994–999, doi: 

10.1109/CDC.2011.6160824. 

[25] D. W. Djamari, “Distributed position estimation approach for multiagent formation with size scaling,” Asian Journal of Control, 

Sep. 2020, Art. no. asjc.2430, doi: 10.1002/asjc.2430. 

[26] D. Tran and T. Yucelen, “On control of multiagent formations through local interactions,” in 2016 IEEE 55th Conference on 

Decision and Control (CDC), Dec. 2016, pp. 5177–5182, doi: 10.1109/CDC.2016.7799061. 

[27] D. W. Djamari, “Scalable formation of heterogeneous agents considering unknown disturbances,” Asian Journal of Control,  

vol. 23, no. 4, pp. 1631–1642, Jul. 2021, doi: 10.1002/asjc.2317. 

[28] A. Nedic and A. Olshevsky, “Distributed optimization over time-varying directed graphs,” IEEE Transactions on Automatic 

Control, vol. 60, no. 3, pp. 601–615, Mar. 2015, doi: 10.1109/TAC.2014.2364096. 

[29] T. Yang, Z. Jiang, R. Sun, N. Cheng, and H. Feng, “Maritime search and rescue based on group mobile computing for unmanned 

aerial vehicles and unmanned surface vehicles,” IEEE Transactions on Industrial Informatics, vol. 16, no. 12, pp. 7700–7708, 

Dec. 2020, doi: 10.1109/TII.2020.2974047. 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 12, No. 3, June 2022: 2721-2732 

2732 

[30] I. Roman-Ballesteros and C. Pfeiffer, “A framework for cooperative multi-robot surveillance tasks,” in Electronics, Robotics and 

Automotive Mechanics Conference (CERMA’06), Sep. 2006, vol. 2, pp. 163–170, doi: 10.1109/CERMA.2006.3. 

[31] M. Silvagni, A. Tonoli, E. Zenerino, and M. Chiaberge, “Multipurpose UAV for search and rescue operations in mountain 

avalanche events,” Geomatics, Natural Hazards and Risk, vol. 8, no. 1, pp. 18–33, Jan. 2017, doi: 

10.1080/19475705.2016.1238852. 

[32] E. T. Alotaibi, S. S. Alqefari, and A. Koubaa, “LSAR: multi-UAV collaboration for search and rescue missions,” IEEE Access, 

vol. 7, pp. 55817–55832, 2019, doi: 10.1109/ACCESS.2019.2912306. 

[33] A. Abdallah, M. Ali, J. Mišić, and V. Mišić, “Efficient security scheme for disaster surveillance UAV communication networks,” 

Information, vol. 10, no. 2, Art. no. 43, Jan. 2019, doi: 10.3390/info10020043. 

[34] S. Jung, J. Kim, and J.-H. Kim, “Joint message-passing and convex optimization framework for energy-efficient surveillance 

UAV scheduling,” Electronics, vol. 9, no. 9, Sep. 2020, Art. no. 1475, doi: 10.3390/electronics9091475. 

[35] L. Scardovi and R. Sepulchre, “Synchronization in networks of identical linear systems,” Automatica, vol. 45, no. 11,  

pp. 2557–2562, Nov. 2009, doi: 10.1016/j.automatica.2009.07.006. 

[36] H. W. Knobloch, D. Flockerzi, and A. Isidori, Topics in control theory. Basel: Birkhäuser Basel, 1993. 

 

 

BIOGRAPHIES OF AUTHORS 

 

 

Djati Wibowo Djamari     received B.Eng., M.Eng., and Ph.D. degrees in 

Mechanical Engineering from Institut Teknologi Bandung (ITB) in 2007, Nanyang 

Technological University (NTU) in 2010, and National University of Singapore in 2020, 

respectively. From 2009 to 2013 he had a position as Research Associate at School of 

Mechanical and Aerospace Engineering of NTU and from 2013 to 2014 he was an Academic 

Assistant at the Mechanical Engineering study program of ITB. He is currently an Assistant 
Professor in Mechanical Engineering study program of Sampoerna University, Jakarta, 

Indonesia. His research interests include distributed control of multi-agent systems, vibration 

control and vehicle dynamics and control. He can be contacted at email: 

djati.wibowo@sampoernauniversity.ac.id. 
 

  

 

Muhamad Rausyan Fikri     is an Information Systems lecturer at Sampoerna 

University. He received his Bachelor of Science (B.Sc.) at Universitas Gadjah Mada, 

Department of Computer Science and Electronics in 2015 and Master of Engineering 
(M.Eng.) at Tokyo Institute of Technology, Department of Systems and Control Engineering 

in 2018. His research interests include bio inspired robots, cooperative control, and  

internet of thing (IoT). He is currently also the Coordinator of the IoT Lab and Cyber-

Physical Research group at Sampoerna University. He can be contacted at email: 
muhamad.fikri@sampoernauniversity.ac.id. 

  

 

Bentang Arief Budiman     currently serves as an Assistant Professor in Faculty of 

Mechanical and Aerospace Engineering, ITB. He obtained his bachelor’s degree in the 
Department of Mechanical Engineering, ITB, and his master and doctoral degrees in 

Mechanical Science and Engineering, Tokyo Institute of Technology (TITech), Japan. He is 

expert in mechanical design and analysis, applied mechanics, and composite materials. He 

also has strong engagement with many industries for research and product development. He 
can be contacted at email: bentang@ftmd.itb.ac.id. 

  

 

Farid Triawan     is currently the Head of Mechanical Engineering Department, 
Faculty of Engineering and Technology, Sampoerna University, Indonesia. He received 

bachelor’s degree from Institut Teknologi Bandung, Indonesia, in 2005, then a Master and 

Doctoral degrees. in 2009 and 2012, respectively, from Tokyo Institute of Technology, 

Japan. Then, he spent more than three years working in the fluid machinery industry in 
Osaka, Japan, as an Engineer. Later, he moved back to Tokyo Institute Technology as a 

Specially appointed Associate Professor in the School of Environment and Society from 

2015 to 2018, and until now, he is still serving as a Visiting Associate Professor. His field of 

interests are Solid Mechanics, Porous Materials, Cavitation erosion, Damage Mechanics, 
Fracture Mechanics, and Engineering Education He can be contacted at email: 

farid.triawan@sampoernauniversity.ac.id. 

 

mailto:djati.wibowo@sampoernauniversity.ac.id
mailto:muhamad.fikri@sampoernauniversity.ac.id
mailto:bentang@ftmd.itb.ac.id
mailto:farid.triawan@sampoernauniversity.ac.id
https://orcid.org/0000-0001-7624-5512
https://scholar.google.com/citations?user=2sh43WsAAAAJ&hl=en&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=25640764900
https://orcid.org/0000-0003-4452-5610
https://scholar.google.com/citations?hl=en&user=JXZU3RAAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57203982767
https://orcid.org/0000-0002-2016-8535
https://scholar.google.com/citations?hl=en&user=PtrOmcIAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=56436658000
https://orcid.org/0000-0002-9878-3167
https://scholar.google.com/citations?hl=en&user=e576ePMAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=50662259100

