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Abstract


Air target intention recognition (ATIR) is critical for unmanned systems in modern air defense operations. Through the analysis of typical air defense combat scenarios, first, the paper defines the intention space and intention parameters of air units based on military experience and domain knowledge. Then, a rule-based agent for unmanned systems for online intention recognition is proposed, with no training, no tagging, and no big data support, which is not only for intention recognition and parameter prediction, but also for formation identification of air targets. The most critical point of the agent is the introduction and application of a thermal distribution grid graph (TDGG) and virtual grid dictionary (VGD), where the former is used to identify the formation information of air targets, and the latter is used to optimize the storage space and simplify the access process for the large-scale and real-time combat information. Finally, to have a performance evaluation and application analysis for the algorithm, we carried out a data instance analysis of ATIR for unmanned systems and an air defense warfare simulation experiment based on a Wargame platform; the comparative experiments with the classical k-means, FCNIRM, and the sector-based forward search method verified the effectiveness and feasibility of the proposed agent, which characterizes it as a promising tool or baseline model for the battlefield situational awareness tasks of unmanned systems.
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1. Introduction


In modern air combat, the rapid development of aviation science and military technology leads to more and more severe threats from aerial targets. Meanwhile, due to the application of high-level technology to unmanned systems, such as space early warning systems, radar stealthy composites, artificial intelligence technology, etc., the complexity of the battlefield environment, including uncertainty and incompleteness, is increasing [1]. It is difficult for commanders to process a large amount of battlefield information and identify enemy target intentions in a short time. Therefore, it is urgent to use decision-support systems reasonably and effectively to greatly improve the competitiveness of combat decision making. In recent years, some studies can be found in the related literature [2,3,4]. As an important part of the decision-support system in air combat, air target intention recognition (ATIR) has made a great contribution to real-time air combat situation assessment and effective allocation of air defense resources, and will play a vital role in future command and control systems [5].



Because of reasons including the unknown technical and tactical status of the coming targets, and possible interference by enemy electronic countermeasure devices, there are many uncertainties in the process of ATIR, which means ATIR remains a challenging task even today [6]. Various technical theories, such as template matching [7,8], expert systems [9,10], and Bayesian networks [11,12], have been used to solve this problem. Each method has its own advantages and disadvantages. For example, refs. [7,8] construct a template archive based on the military knowledge of domain experts, extract features from target combat operations, and determine the intention through the matching degree of inference features and the template base. However, their theoretical flexibility is insufficient and they cannot handle unplanned sequences of operations. Refs. [9,10] build a knowledge archive based on domain experts’ combat knowledge, express the corresponding relationship between the battlefield situation and combat intentions by rules, and finally use an inference machine to deduce intentions based on the obtained battlefield intelligence information. However, this requires a lot of prior knowledge of domain experts to quantify the feature weight of intention recognition. And due to the increasing complexity of the battlefield environment, the prior knowledge is not enough to accurately quantify the relationship between the target attributes and combat intention. In reference [11,12], Bayesian networks based on domain expert knowledge use nodes, directed arcs, and conditional probabilities to represent features, transfer relationships, and relationship strengths, respectively, which can better express the relationship between features and intentions. Although the Bayesian network is based on the mathematical theory of probability, it is difficult to determine the prior probability and conditional probability in practical applications; In addition, in recent years, deep learning (DL) has played a key role in data analysis and has been widely applied in many applications due to its promising generalization ability [13,14,15,16,17,18,19]. Therefore, many scholars have also tried to apply it in the field of intention recognition [20,21,22,23]. Although these methods based on neural networks can better solve the problem of target intention recognition when the prior knowledge of domain experts is insufficient, they rely on the off-line full training of big data with high-quality labels. As we know, military data are extremely scarce and intention labels are even more expensive to obtain.



To solve these problems, and considering the real-time requirement of intention inference for unmanned systems during adversarial combat, this paper proposes a rule-based agent for unmanned systems for online intention recognition. By introducing a thermal distribution grid graph (TDGG) and virtual grid dictionary (VGD), and combining expert experience domain knowledge with the rules of an algorithm, it can not only predict the combat intentions of air targets in real time, but identify the members and intentions of target formation operations. In addition, the agent can also judge and output specific intention parameters (for example, specific assembly areas, attack targets, support paths, etc). Finally, through the analysis of an instance of ATIR for unmanned systems compared with the classical k-means, FCNIRM (fully connected network intention recognition model) [22] and the sector-based forward search method, and an air defense warfare simulation experiment based on a Wargame platform, the effectiveness and engineering applicability of the proposed algorithm are verified. The biggest advantage of our model is that it allows for real-time intention inference during confrontation without training, labeling, or big data support.



The rest of the paper is organized as follows. Section 2 gives a definition of intention space and intention parameters. Section 3 details the proposed method. Section 4 presents the performance estimation and application analysis of our model through an instance analysis and a simulation experiment. Finally, this work closes with a summary and an outlook for future work in Section 5.




2. Definition of Intention Space and Intention Parameters


Intention space is the set of all possible operational intentions of the detected target. The construction of intention space needs to take into account the specific operational background and mission, and analyze the factors such as the type of entity to which the target belongs, the confrontation sequence in which it is located, and the combat regulations to be followed.



To give a precise intention space, first, we analyzed the simulation model and summarized the combat rules by cooperating with the developers of a Wargame platform. Secondly, we analyzed the tens of thousands of high-quality confrontation replay videos from the top professional players of each district, and summarized their action intentions. Finally, we invited experts in related fields to check and modify the intention space. After this, the intention space of air targets involved in typical air defense combat scenarios is defined as follows:



➀ Assemble for standby: Hovers back and forth over a fixed area to wait for subsequent aircraft to gather and store power for the next action.



Parameter: Assemble zone.



➁ Retreat and return: Returns to a base due to fuel conditions, weapon status, damage level, or mission conditions and related orders.



Parameter: The location of base to be returned.



➂ Air attack: Has one or more clear air targets and engages with them through related tasks.



Parameter: Targets to be attacked.



➃ Ground attack: Has one or more clear ground targets and engage with them through related tasks.



Parameter: Targets to be attacked.



➄ Combat support: Carries out support missions involving reconnaissance activities and refueling actions on a given route.



Parameter: Possible route.



➅ Maneuvering: Heads towards the mission area or striking targets.



Parameter: Possible route.



➆ Other: Does not belong to any of the six types mentioned above and its real intention is unknown at the current moment.




3. Proposed Method


In this section, first, the online intention recognition task methodology for unmanned systems in this paper is given to lay the foundations of a framework for intention recognition. Then, the proposed rule-based agent for formation identification, intention recognition, and parameter prediction involved in the task setup are presented in detail.



3.1. Online Intention Recognition Task Methodology for Unmanned Systems


Aiming to develop an agent for unmanned systems that can accurately infer the enemy’s operational intention for air targets in real time by fusing domain knowledge and expert experience, the task setting is given in Figure 1.



It can be seen from Figure 1 that the input of the agent is the known complete situation information of our side and detected incomplete situation information of the enemy during the confrontation, while the output is the operational intention and intention parameter for each detected air target. To meet the real-time requirements and practicality of online intention recognition to the greatest extent, the proposed agent mainly consists of information access and intention recognition processes. From Figure 1, it is evident that for the former, the key is to design a VGD to optimize the storage space and greatly simplify the process of information reading, while for the latter, one is to introduce a TDGG to characterize the distribution of targets and to identify their groups, the other is to infer intention and parameters for each formation and the remaining individual targets based on experience rules. In the following, the paper describes the two parts in detail.




3.2. Information Access


The efficiency of access to situation information is critical to the rate of online intent recognition in large-scale confrontation scenarios. Simply storing and reading the situation information in a multi-layer and high-order sparse matrix will greatly waste storage resources, consume computing resources, and significantly reduce the analysis efficiency of situational products. Therefore, inspired by refs. [24,25], a VGD is proposed to access the situation information.



First, to facilitate an ordered access to information, we need to have a latitude and longitude grid division of the adversarial space.



Given an adversarial space defined by the interval of latitude   l a  t s  − l a  t e    and longitude   l o  n s  − l o  n e   , divide it by the latitude increment   Δ  l a  t D     and longitude increment   Δ  l o  n D     corresponding to the fixed length D, respectively. For any given point P in the adversarial space with latitude   l a  t P    and longitude   l o  n P   , its sequence numbers   N  P l a t    and   N  P l o n    on the grid graph can be obtained by the following formula:


   N  P l a t   =  ⌈    l a  t P  − l a  t s    Δ  l a  t D      ⌉   



(1)






   N  P l o n   =  ⌈    l o  n P  − l o  n s    Δ  l o  n D      ⌉   



(2)







Then, we construct a VGD to access and update the situational information. According to the defined intention space of air units, the information of our air units   U  a u   , ground units   U  g u   , and the enemy’s base airport   U  b a    are selected to store in the relevant grid dictionary.



Instead of storing information about all the grids involved in the adversarial space, a sensitive area is established, with the location of the combat unit   u ∈ [  U  a u   ,  U  g u   ,  U  b a   ]   as the center and the latitude   Δ  N  l a t D s     or longitude   Δ  N  l o n D s     number increment as the radius:


     Δ  N  l a t D s       = { Δ  N  l a t D  s  A A     , Δ  N  l a t D  s  G A     , Δ  N  l a t D  s  A B     }          = ⌈    D s = { D  s  A A   , D  s  G A   , D  s  A B   }  D   ⌉     



(3)






     Δ  N  l o n D s       = { Δ  N  l o n D  s  A A     , Δ  N  l o n D  s  G A     , Δ  N  l o n D  s  A B     }          = ⌈    D s = { D  s  A A   , D  s  G A   , D  s  A B   }  D   ⌉     



(4)




where   D  s  A A    , suspected air-attack distance, refers to there being a high probability of hitting our air targets within the range of distance   D  s  A A    ;   D  s  G A    , suspected ground-attack distance, means it can threaten our ground units within the range of distance   D  s  G A    ;   D  s  A B    , suspected return distance, says if a plane flies stably within the range of distance   D  s  A B    , it is very likely to return to the base. The three experience parameters above need to be determined with reference to the attack performance of enemy aircraft equipment, known in advance, and the defensive capabilities of our combat units. Finally, with the latitude and longitude serial number of each grid in the sensitive areas as the first- and second-order keys, respectively, and u as the value of each grid, the VGD is generated.



It can be seen from the construction process of the VGD, only the grid information for the sensitive areas of our units and enemy’s base is stored, which avoids the waste of storage space caused by a high-order sparse matrix. More importantly, during the process of intention recognition, we only need to query whether the position sequence number of the forward search point of the enemy air target is in the VGD, that is, whether the enemy will enter our sensitive areas, to infer whether the enemy will threaten our unit and which unit will be threatened, which greatly simplifies the information access process.




3.3. Intention Recognition


Inspired by refs. [26,27], we first perform formation identification based on a TDGG by analyzing the distribution of air targets, and then introduce experience rules to infer the intentions and intention parameters of the formation and the remaining targets. In the following, we detail this in four parts.



3.3.1. Construction of TDGG


A thermal distribution grid graph (TDGG), as the name implies, is mainly employed to characterize the distribution of enemy air targets on the gridded adversarial space.



Let each grid of the adversarial space correspond to a distributed thermal value h with an initial value of 0. Suppose the empirical radius is   R  e m p   , correspondingly, the number increments of the latitude grid   Δ  N  l a t     and longitude grid   Δ  N  l o n     are


  Δ  N  l a t   = Δ  N  l o n   =    R  e m p   D    



(5)







Then, the distribution information of each air target is superimposed into the involved grids. Specifically, for any air target A,   h + 1   is used as the center for all grids involved with it, and   Δ  N  l a t     or   Δ  N  l o n     as the radius.



After processing all grid points, a TDGG is formed that can characterize the distributed density of the air units.




3.3.2. Formation Identification


Formation is often based on the same combat mission, and it is closely associated with the duration of the action in time and the density of the target distribution in space. Therefore, it is possible to identify each formation and formation member based on the TDGG related to time and space.



Generation of suspected formation: Figure 2 gives an example of the identification process of a suspected formation based on the thermal distribution graph. After obtaining the thermal grid graph of the current time, find the maximum thermal distribution value point A (if there are multiple maximum value points, take any one of them as A), as shown in Figure 2a (  Δ  N  l a t   = Δ  N  l o n   = 2  ), and all air targets within the area (marked by the red square) can be included in the first suspected formation.



Then, delete them from the graph and update the thermal distribution graph, and repeat the above step to obtain the next suspected formation, as shown in Figure 2b, until the maximum value of the updated thermal grid is less than the formation decision threshold   f  t h r    (minimum formation condition).



Determining suspected formation area: The suspected formation above only ensures the consistency of the formation in space. It is necessary to further determine the consistency of the formation in time based on the historical location information of the suspected formation.



Specifically, it is assumed that there are l formations    f  s 1   ,  f  s 2   , … ,  f  s l     in the suspected formation list   F  s l i s t   , and the i-th formation   f  s i    has n members    m  i 1   ,  m  i 2   , … ,  m  i n    . Then, the minimum and maximum latitude and longitude of the formation i at time t can be expressed as follows:


            l a  t  i m i n    ( t )   =  m i n  l a  t  m  i 1     ( t )  , l a  t  m  i 2     ( t )  ,  …  , l a  t  m  i n     ( t )         l a  t  i m a x    ( t )   =  m a x  l a  t  m  i 1     ( t )  , l a  t  m  i 2     ( t )  ,  …  , l a  t  m  i n     ( t )         l o  n  i m i n    ( t )   =  m i n  l o  n  m  i 1     ( t )  , l o  n  m  i 2     ( t )  ,  …  , l o  n  m  i n     ( t )         l o  n  i m a x    ( t )   =  m a x  l o  n  m  i 1     ( t )  , l o  n  m  i 2     ( t )  ,  …  , l o  n  m  i n     ( t )         



(6)




where   l a  t  m  i 1     ( t )    and   l o  n  m  i 1     ( t )    are the latitude and longitude of formation member   m  i 1    at current time t.



Considering the delay in their actions, we take these three moments   [ t  −  3 , t  −  4 , t  −  5 ]   as the trust time threshold of the historical activity range of the formation, then the average value of the maximum and minimum latitude and longitude are obtained:


                 l a  t  i a v g m i n    =   l a  t  i m i n    ( t   −   3 )  + l a  t  i m i n    ( t   −   4 )  + l a  t  i m i n    ( t   −   5 )   / 3       l a  t  i a v g m a x    =   l a  t  i m a x    ( t   −   3 )  + l a  t  i m a x    ( t   −   4 )  + l a  t  i m a x    ( t   −   5 )   / 3       l o  n  i a v g m i n    =   l o  n  i m i n    ( t   −   3 )  + l o  n  i m i n    ( t   −   4 )  + l o  n  i m i n    ( t   −   5 )   / 3       l o  n  i a v g m a x    =   l o  n  i m a x    ( t   −   3 )  + l o  n  i m a x    ( t   −   4 )  + l o  n  i m a x    ( t   −   5 )   / 3       



(7)







From this, four endpoints of the active region   z  f  s i     can be given:   ( l a  t  i a v g m i n   , l o  n  i a v g m i n   )  ,   ( l a  t  i a v g m i n   , l o  n  i a v g m a x   )  ,   ( l a  t  i a v g m a x    ,   l o  n  i a v g m i n    )   ,   ( l a  t  i a v g m a x    ,   l o  n  i a v g m a x    )   .



Determination of formation members and activity area: Considering the presence of noisy information or even misinformation in real confrontation scenarios, after obtaining the suspected formation   F s   and the suspected formation’s active area   Z  F s   , we need to judge the spatiotemporal consistency of   F s   and   Z  F s    to identify the final formation F and its area   Z F  , thereby overcoming the result bias that may be brought by individual error information.



The former is mainly based on the historical occurrence rate of suspected formation members. The idea is that if the member   m  i j    appears in this formation at least two times during the three moments   [ t , t  −  1 , t  −  2 ]  , then it is considered that the member is subject to the spatiotemporal consistency of the formation (called the valid unit). And if more than 80% of members of the suspected formation are valid units, the formation    f i  ∈ F   can be confirmed to be effective.



The latter is primarily based on the deviation degree of the center of   Z  F s    in the historical time to confirm the final formation area. The coordinates of the center point at time t can be obtained as


      l a  t  i c    ( t )   =   l a  t  i m i n    ( t )  + l a  t  i m a x    ( t )   / 2       l o  n  i c    ( t )   =   l o  n  i m i n    ( t )  + l o  n  i m a x    ( t )   / 2      



(8)







Similarly, three center points of   z  f  s i     at   t  −  1 , t  −  2 , t  −  3   can be obtained, respectively:   l a  t  i c    ( t )  , l o  n  i c    ( t )   ,   l a  t  i c    ( t − 1 )  , l o  n  i c    ( t − 1 )   ,   l a  t  i c    ( t − 2 )  , l o  n  i c    ( t − 2 )   .



According to the cosine theorem of trihedral angles, the spherical distance d between two points A and B, that is, the length of    A B  ^  , can be calculated according to the following distance formula [28]:


                cos  ( C )  = cos  (  90 ∘  − l a  t A  )  cos  (  90 ∘  − l a  t B  )           + sin  (  90 ∘   −  l a  t A  )  sin  (  90 ∘   −  l a  t B  )  cos  ( l o  n A   −  l o  n B  )           d  =      R E  C π  180       



(9)




where   R E   is the radius of the earth and C is the connecting angles on the sphere between the two end points of    A B  ^   and the geocentric point.



By Formula (9), we can obtain the distances    d 1  ,  d 2  ,  d 3    between any pair of the center point of the area at the three times   t , t   −   1 , t   −   2  . If all of them are less than the deviation threshold   d  t h r    we set, meaning the offset of the center point of the last three historical times is within the allowable error range, it can be determined that the suspected formation area obeys the spatiotemporal consistency; then, the final formation area    z  f i   ∈  Z F    is established.




3.3.3. Intention Recognition of Air Formation


Finally, we can infer the operational intention of each formation through the characteristics of our units and the air targets in the formation area. Specifically, first judge the formation’s aircraft type. If the formation is mainly composed of air-attack aircraft or there are more unknown models, it is a priority to check whether there are any of our aircraft in the formation area. If there are, it is determined that the operational intention of the formation is air attack. Otherwise, judge whether there are our ground facilities, corresponding to the the ground-attack intention. If neither, the combat intention of the formation is considered to be assemble for standby. On the contrary, if the formation members are mainly ground-strike aircraft, priority should be given to checking whether the corresponding area contains ground facilities of our side.



Intention parameters: Assemble zone: activity area. Targets to be attacked: our air units or ground units in the active area.




3.3.4. Intention Recognition of the Remaining Targets


For the intention recognition of other air targets, except formation members, the introduced experience rules mainly follow two ideas: ➀ The air targets often enter the “direct flight mode” when performing a clear mission. ➁ Our units involved in forward search points of the air target, referred to as sensitive units in the following, are closely related to the target’s intention.



Therefore, the key points are how to judge whether air targets enter the “direct flight mode” during the confrontation, and how to design the forward search range to avoid the omission and misjudgment of sensitive units caused by the fan-shaped search area.



The determination of direct flight mode: Assuming that the air target is at point C at the current time t, the position coordinate is   ( l a  t C  , l o  n C  )  , and the heading angle is   h C  , the clockwise angle with due north;   ( l a  t B  , l o  n B  )   and   ( l a  t A  , l o  n A  )   refer to the coordinate B at time   t − 1   and the coordinate A at time   t − 2  , respectively.



When the earth is regarded as an ellipsoid, as shown in Figure 3, judging whether the plane enters direct flight mode can be converted into determining whether (1) the angle between the flight path   A   →   B   →   C   on the spherical surface and the true north direction remains the same, and (2) the angle is consistent with   h C  . In addition, considering the influence of actual counter disturbance and flight control, an angle threshold   h  t h r d    needs to be set. In other words, as long as the differences between the three angles    h   A B  ^   ,   h   B C  ^   ,   h C    are less than the threshold   h  t h r d   , the air target is considered to be in a straight-line flight state, where    h   A B  ^   ,   h   B C  ^     refer to the clockwise angles between the flight path   A   →   B  ,   B   →   C   and due north. The specific judgment process consists of the following two steps.



➀ Solving flight path angles   h   A B  ^    and   h   B C  ^   : we make the settings   ∠ A O B , ∠ N O A  , and   ∠ N O B  ; the connecting angles between the two end points of     A B  ^  ,   N A  ^  ,   N B  ^    on the sphere and the geocentric point O, are   α , β  , and  γ , respectively; in the spherical triangle   ▵ A N B  ,   ∠ A , ∠ B   are the angles between     N A  ^  ,   N B  ^    and    A B  ^   on the sphere. In addition, the angle between    N A  ^   and    N B  ^  , which is the dihedral angle between the plane   N O A   and the plane   N O B  , is set to  θ . As defined above,


      ∠ A O B = α       ∠ N O A = β =  90 ∘  − l a  t A        ∠ N O B = γ =  90 ∘  − l a  t B        B  −  O N  −  A = θ = l o  n A  − l o  n B       



(10)







The known cosine formula of a trihedral angle is


  cos ( α ) = cos ( β ) cos ( γ ) + sin ( β ) sin ( γ ) cos ( θ )  



(11)







By Formulas (10) and (11),   cos ( α )   can be calculated:


     cos  ( α )  = cos  (  90 ∘  − l a  t A  )  cos  (  90 ∘  − l a  t B  )         + sin  (  90 ∘   −  l a  t A  )  sin  (  90 ∘   −  l a  t B  )  cos  ( l o  n A   −  l o  n B  )      



(12)







According to the sine theorem of a sphere,


     sin ( ∠ A )   sin ( γ )    =    sin ( ∠ B )   sin ( β )    =    sin ( θ )   sin ( α )     



(13)




where


  sin  ( α )  =   1 − c o  s 2   ( α )     



(14)







Then,


     sin ( ∠ B )     =    sin ( θ ) sin ( β )   sin ( α )             =    sin  (  90 ∘   −  l a  t A  )  sin  ( l o  n A   −  l o  n B  )    sin ( α )        



(15)







According to this,   ∠ B   can be calculated (  ∠ B ∈ [ −  90 ∘  ,  90 ∘  ]  ):


  ∠ B = arcsin     sin  (  90 ∘   −  l a  t A  )  sin  ( l o  n A   −  l o  n B  )    sin ( α )      



(16)







To solve the flight path angle   h   A B  ^    of the aircraft at point B, it is necessary to further transform   ∠ B  . Assuming point B is fixed at the origin, then


          h   A B  ^    =       ∠ B ,    A   in the first quadrant         360 ∘  + ∠ B ,    A   in the second quadrant         180 ∘   −  ∠ B ,    A   in the third or fourth quadrant        



(17)







Similarly, we can solve   ∠ C   in the spherical triangle   ▵ C N B   (the angle between    B C  ^   and    N C  ^  ) and the flight path angle   h   B C  ^    of the aircraft at point C according to the same reasoning process.



➁ Comparison of angle deviation and threshold: Only if    d  t h 1   ≤  h  t h r d   ,  d  t h 2   ≤  h  t h r d    , and    d  t h 3   ≤  h  t h r d    , can the air target be considered to be in a straight-line flight state, where


       d  t h 1   =  |  h C  −  h   A B  ^   |         d  t h 2   =  |  h C  −  h   B C  ^   |         d  t h 3   =  |  h   B C  ^   −  h   A B  ^   |       



(18)







Forward target search based on sensitive area: Considering that the fire coverage area is often determined by the fixed range of the weapon equipped when it carries out the attack mission, we propose a forward target search method based on the sensitive area related to fire distance.



The main idea is to determine whether the route will passe through the sensitive area of the sensitive unit defined in the VGD. To facilitate searching for forward sensitive units, we divide the route at a fixed interval   Δ d   and obtain n forward search points, and then the information of sensitive unit   u ∈ [  U  a u   ,  U  g u   ,  U  b a   ]   can be figured out by querying the coordinates of these n search points in the VGD. Accordingly, the following gives the specific solution process of forward search point.



As shown in Figure 3, E is the i-th forward search point. To solve the coordinate   ( l a  t E  , l o  n E  )  , the following settings are made:   ∠ N O E , ∠ C O E  , and   ∠ N O C  , the connecting angles between the two end points of     N E  ^  ,   C E  ^  ,   N C  ^    on the sphere and the geocentric point O, are    α 1  ,  β 1   , and   γ 1  , respectively;  φ  is the angle between    N C  ^   and    N E  ^  , and it is also the longitude difference between C and E. In addition, the angle between    C E  ^   and    N C  ^  , which is also the dihedral angle of plane   C O E   and plane   N O C  , is   θ 1  . By definition,


      ∠ N O E =  α 1        ∠ C O E =  β 1  =    i Δ d   R E       180 ∘  π         ∠ N O C =  γ 1  =  90 ∘  − l a  t C        N − O C − E =  θ 1       



(19)






   θ 1  =       h C  ,      h C  ≤  180 ∘         360 ∘  −  h C  ,    h C  >  180 ∘        



(20)







According to the cosine formula of trihedral angles,


  cos  (  α 1  )  = cos  (  β 1  )  cos  (  γ 1  )  + sin  (  β 1  )  sin  (  γ 1  )  cos  (  θ 1  )   



(21)







According to Formulas (19)–(21),


        cos  (  α 1  )  = cos  (    i Δ d   R E       180 ∘  π   )  cos  (  90 ∘  − l a  t C  )            + sin  (    i Δ d   R E       180 ∘  π   )  sin  (  90 ∘   −  l a  t C  )  cos  (  θ 1  )      



(22)







According to the sine theorem of spheres,


     sin (  θ 1  )   sin (  α 1  )    =    sin ( φ )   sin (  β 1  )     



(23)




where


  sin  (  α 1  )  =   1 − c o  s 2   (  α 1  )     



(24)







Then,


  φ = arcsin     sin  (  θ 1  )  sin  (  β 1  )    sin (  α 1  )      



(25)







Finally,


     l a  t E      =  90 ∘  −  α 1        l o  n E      =      l o  n C   +  φ ,    h C  ≤  180 ∘        l o  n C   −  φ ,    h C  >  180 ∘           



(26)







Intention recognition: Search for the latitude and longitude of the n forward search points in the VGD, if none of them are found, the intention is considered to be maneuvering. If more than one is found, the nearest point is taken. If the air target is the support type, it is directly determined as combat support intention. In addition, for the air-attack and ground-attack targets, or the unknown type, the intention recognition process is the same as mentioned in Section 3.



Intention parameters: Possible route: five forward search points. Targets to be attacked: sensitive units.






4. Instance and Simulation


To verify the practicability and effectiveness of the proposed agent in the air defense war, in this section, we carried out a data instance experiment for unmanned systems, and an air defense war simulation experiment based on a Wargame platform, and both of them confirmed that the agent can effectively identify the formation information of air targets and the operational intention of each unit, which demonstrates the potential of the proposed algorithm in the battlefield situation awareness domain.



4.1. Instance Analysis


In this section, we use the experimental analysis of a data example to further elaborate the intention recognition process of the agent in combat. First, the data preparation is given to describe the situation information of each combat unit in the process of operation, then we present the analysis on the application of the game agent for online intention recognition.



4.1.1. Data Preparation


For the adversarial space range, both   ( l a  t s  , l a  t e  )   and   ( l o  n s  , l o  n e  )   are taken as   (  0 ∘  ,  2 ∘  )  . And the range is divided equally according in   0 .  045 ∘    increments, then the horizontal and vertical width of each grid is about 5 km, and the adversarial space can be divided into 45 grid boxes along the east–west and north–south directions.



Table 1 and Table 2 present the incomplete enemy situation information at the current moment and historical moments detected by our side, respectively; it can be seen that there are 19 air targets and one air base. The information includes the position coordinates   ( l a t , l o n )   of the current time and the first five times, the heading angle   h C  , and the number of units. It is worth noting that all the air targets involved in this study are numbered by three parts: virtual type—serial number—enemy or us marking, in which virtual types with the initial letter ‘F’ or ‘J’, ‘S’, or ‘T’ are associated with the air attack, ground attack, or support task, respectively, while ‘B’ and ‘HQ’ refer to the air base and ground unit; for example, F16-04 and J16-03E denote no.4 F16 and no.3 J16 enemy air targets on an air-attack mission. In addition, Table 3 gives the position distribution of each combat unit of our side at the current moment.




4.1.2. Experiment and Analysis


To test the effectiveness of the proposed algorithm in the target formation task, we compared the proposed agent with the k-means algorithm, where both computational complexities are   O ( k )   in the grouping task involving 19 air units described above. For the classical clustering algorithm k-means, the number of groups k is set to eight in order to improve the accuracy of the algorithm by setting all single-operator aircraft to form groups. In addition, we performed 60 clusters, counting the two most frequent misclassifications (95% and 3%, respectively) and the final correct classification results (only 2%), as shown in Figure 4.



From the experimental results given in Figure 4, it can be seen that k-means produces different clustering effects during the identification of target formations with high dynamic changes. This is because the algorithm is sensitive to the initial clustering centers, leading to its poor stability and, most importantly, its very low correctness rate.



For the proposed agent, set the parameters as shown in Table 4, then the TDGG of the 19 air targets at t is formed as shown in Figure 5, and information on all sensitive targets is stored in the VGD for updating and access at any time.



First, update the TDGG as shown in Figure 5 until the maximum thermal value   h  m a x    is less than the threshold   f  t h r   ; we can obtain four suspected formations:



  f  s 1   : [S25-04E, S25-05E, *-03E, S25-07E, S25-08E];



  f  s 2   : [J16-01E, *-01E, J16-02E, J16-03E];



  f  s 3   : [*-02E, J16-06E, J16-07E];



  f  s 4   : [J16-08E, S25-02E, S25-09E].



Second, as shown in Table 5 and Table 6, calculate the active area of each formation and make a time–space consistency judgment on both the formation and the formation area based on historical information; then, judge the formation’s combat intention according to the main combat types of members and the character of our units in the area. Taking   f  s 4    as an example, the latitude and longitude range of its active area can be calculated as 0.81–1.04 and 0.12–0.58 by Formula (7), respectively. On the one hand, by comparing it and the coordinates of J16-08E, S25-02E, S25-09E at   t , t  −  1  , and   t  −  2  , it can be observed that except for S25-09E, which has only one time in this area, the other two members belong to the valid unit, so   f  s 4    meets the spatial and temporal consistency. On the other hand, according to Formula (9), it can be calculated that the deviation distances of   z  f  s 4     at   t , t  −  1  , and   t  −  2   are 6.01 km, 7.30 km, and 13.02 km, respectively, one of which is greater than the decision threshold   d  t h r   , so   z  f  s 4     does not meet the spatiotemporal consistency. Based on the above judgment,   f  s 4    is not established.



Third, for the remaining seven air targets that default to single operation, as shown in Table 7 and Table 8, we first determine whether they have entered a stable straight flight state and calculate the forward search points, then query the VGD to judge whether these search points penetrate the sensitive area, and finally identify their operational intention according to the type of sensitive unit. Taking J16-04E as an example, the flight path angles   h   A B  ^    at   t  − 2    and   h   B C  ^    at   t  − 1    can be obtained by Formula (17), and comparing with the heading angle   h C   at the current time, the differences    d  t h 1   ,  d  t h 2    , and   d  t h 3    between each pair of them are within the judgment threshold   (  7 ∘  )  , so it can be determined that the air target has entered a straight flight state. Then, the coordinates of the five forward search points from Formula (26) are used as keys to query the VGD in turn. It is found that the first point simultaneously passes through the sensitive areas of our three units [HQ5-02U, J16-01U, J16-07U]. Finally, based on the fact that the air target is air-attack type, the proposed algorithm considers it will execute the air-attack task first, and predicts its attack targets to be [J16-01U, J16-07U].



Finally, to judge the enemy’s intention more clearly, a visual depiction of the current situation information is given in Figure 6, where formation activity zones and relevant sensitive areas are calibrated with different colors. For the enemy,    z  f 1   ,  z  f 2   ,  z  f 3    , and   B 1   are the active areas of the three formations and the sensitive area of the base airport. For our side,    H 1  ,  H 2  ,  H 3    and    J 1  ,  J 2  ,  J 3    represent the sensitive areas of ground units [HQ5-01U, HQ5-02U, HQ5-03U] and air units [J16-01U, J16-02U, J16-03U], respectively. In addition to these areas, the VGD also records the sensitive areas of our other four air units [J16-04U, J16-05U, J16-06U, J16-07U]. For the air targets of single operation judged to fly in a straight line, the blue ray is used to predict the forward way points, which can be used to directly observe whether the route will pass through the sensitive area. It needs to be emphasized that with the update of the battlefield situation, the recognition results will be changed accordingly. In other words, as the situation is deduced, the target types are detected more and more accurately, and so the less the final intent recognition result is interfered with by noise information, and the more accurate the result is.



To be more convincing, we select a deep learning model for intention recognition—FCNIRM—from the recent literature [29] to be used in this data instance (three hidden layers with 16,32,16 neurons), as shown in Figure 7. As can be seen from the results, although the model can reach 100% training accuracy after 200 training sessions, the final average test accuracy is only 78%, with it appearing to be overfitting, which unsurprisingly proves the under-sampling problem of the deep learning model in this type of adversarial task.



In addition, taking J16-04E and S25-03E as examples, we compare the sensitive area-based forward target search method of the proposed model with the classical sector-based forward search method, as shown in Figure 8, where the latter has a fixed angle of 60 degrees, with a larger search area.



As shown in Figure 8, if using the sector-based forward search method, our nearby unit HQ5-01U will be ignored at closer distances, while at longer distances the irrelevant target HQ5-03U will be discerned as a possible strike target; while using the sensitive area-based forward target search method, we actually only need to discern whether the straight line passes through the areas H2, J1, and J2 and B1 and H3; with the sensitive target list, we can accurately identify HQ5-01U as the primary target to be hit by enemy aircraft F16-04E, and B11-01E as the base to which enemy aircraft S25-03E will return, achieving a more accurate fixed-width forward-based search.





4.2. Simulation Experiment


To further prove the practicability and effectiveness of the game agent proposed in this paper for online intention recognition, we embedded it into a Wargame platform to provide one side with intention recognition results to assist it in tactical decision making.



4.2.1. Experimental Design


To provide a clear recognition effect, there are only two opponents—the red side and the blue side—in all experiments. During the whole simulation process, the game agent acts as the “brain” of the red side to recognize the formation and intention of the detected blue air targets, and predicts the relevant intention parameters. In addition, all simulation experiments provide the vision maps of the red side and blue side during the confrontation, so that the latter can be used as the real label to test the recognition results of the agent.




4.2.2. Simulation and Analysis


In the simulated air defense war, both red and blue sides are equipped with aircraft, missile battalions, and radar stations. Aircraft can be divided into three types according to their weapon performance: the ground-attack type—su_25; the air-attack type—mig_29; and UAV support type—cw. For the proposed game agent, the parameter settings are consistent with Table 4. In addition, considering that the recognition result is constantly updated with changes in the situation, the most stable results for six different scenarios are presented in Figure 9b, Figure 10b and Figure 11b, which means that the recognition results have not changed for several consecutive steps.



Figure 9a, Figure 10a and Figure 11a are given to show the perspective of the red side, while Figure 9c, Figure 10c and Figure 11c show that of the blue side; both of them show the complete information of their own and the incomplete intelligence information of the detected enemy. It should be noted that in all simulation diagrams, the green dashed line represents the enemy’s target locked by us, the red and white arcs are the detection range of our side on air and on land, respectively, and the white straight line is our own path plan. In addition, the small yellow box is our active area points.



As we can observe from Figure 9a, the red side detected an enemy aircraft circling around its own territory, so several units were locking and tracking it. The intelligence information was passed into the game agent, combined with historical information, and the recognition result, as shown in Figure 9b, was obtained after stability, which reports that the agent took 0.008 s to identify the target cw’s intention as combat support, and the path points for the next five moments are also predicted. Compared with the real blue situation map given in Figure 9c, it can be seen that the aircraft is the cw type, performing a reconnaissance support mission on the path composed of the three points RP18-20, which well illustrates the intention recognition efficiency of the proposed online agent.



Similarly, in the face of the incomplete situational information shown in Figure 10a and Figure 11a, the agent, after taking 0.016 s and 0.019 s for real-time inference, respectively, believed that the mig had the intention of maneuvering, and six migs were being assembled, and gave the predicted path points and possible assembly area points. So, what are the real operational intentions of these air targets? Figure 10c tells us that the mig_29 was indeed maneuvering toward a mission area, and Figure 11c also confirms that six migs were assembling in the active area composed of points RP13-16. In addition, we can see that there were at least four other aircraft for assembly and standby in Figure 11c, but the result displayed in Figure 11b does not give the intention of these enemy aircraft, which may be attributed to the fact that the situation information is imperfect at the current moment, or the parameter settings of the algorithm are not accurate enough. These, again, demonstrate the effectiveness and engineering significance of the proposed algorithm for online air target intention recognition.






5. Conclusions and Future Work


In this paper, the core contributions are outlined as follows: (1) Based on domain knowledge and expert experience, we defined seven types of intentions and corresponding parameters of air targets; (2) we proposed a rule-based agent for unmanned systems with a TDGG and VGD for formation identification, intention recognition, and parameter prediction, which requires no training, no tagging, and no big data support, and can infer intention in real time during confrontation; and (3) to verify the practicability and effectiveness of the proposed rule-based agent for online air target intention recognition, we carried out a data instance experiment and simulation experiments based on a Wargame platform. The results demonstrate that our model is more general and robust compared to k-means, which is 2% correct for formation recognition, and FCNIRM, which is 78% accurate for intent recognition, which characterizes it as a promising tool or baseline model for battlefield situational awareness tasks.



There are some defects of our work that can be improved in future research. For example, the method heavily relies on empirical parameters, impacting model generalizability; in future work, we could consider incorporating reinforcement learning for automatic parameter tuning to reduce manual intervention. The agent is composed of several modules that rely on domain knowledge and expert experience, which can be replaced by related deep learning algorithms in future research. To further expand the scope of the paper, for example, we could integrate consumer electronics [30], a mutual authentication protocol for UAVs [31], or privacy-preserving federated learning [32].
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Figure 1. Online intention recognition task setup for unmanned system. The task mainly consists of the following four parts: (1) The input: including our situation information and enemy’s intelligence information; (2) information access: firstly, the adversarial space is divided into grids, then a TDGG is constructed to process situation information, and finally a VGD is generated for situation access; (3) intention recognition: including the formation identification, intention recognition, and parameter prediction; and (4) the output: the inferred intention and intention parameters of all detected enemy air targets are output. 
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Figure 2. Example of identification process of suspected formation based on the thermal distribution graph. Assuming formation decision threshold    f  t h r   = 3  , first, at current time, (a) point A is one of the maximum thermal value points. Since the grid increment of empirical radius   R  e m p    for the formation area is taken as 2 (  Δ  N  l a t   = Δ  N  l o n   = 2  ), the four air targets [F16-01, F16-02, F16-03, F16-04] in the red square centered on point A form the first suspected formation. Then, save the first group of suspected formation members and update the thermal distribution graph (the members of this group are deleted). And (b) the maximum value point is recorded as A on the new graph; similarly, we can obtain the second suspected formation [F16-05, F16-06, F16-07]. 
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Figure 3. Schematic diagram of flight trajectory and spherical angle solution. If the angle   h B   between    A B  ^   and due north,   h C   between arc    B C  ^   and due north, and the heading angle   h 0   at the current time on the sphere are less than the threshold value   h  t h r d   , the aircraft can be considered to be in the direct flight mode. 






Figure 3. Schematic diagram of flight trajectory and spherical angle solution. If the angle   h B   between    A B  ^   and due north,   h C   between arc    B C  ^   and due north, and the heading angle   h 0   at the current time on the sphere are less than the threshold value   h  t h r d   , the aircraft can be considered to be in the direct flight mode.



[image: Drones 08 00765 g003]







[image: Drones 08 00765 g004] 





Figure 4. Clustering results of k-means. 
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Figure 5. TDGG of air targets at current time t. The larger the number is, the darker the color is, and the more likely the air targets in the square area   ( Δ  N  l a t   = Δ  N  l o n   = 3 )   are to fight in groups. 
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Figure 6. The current overall situation with visual information of TDGG and VGD for intention recognition. 
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Figure 7. Intention recognition results of the model FCNIRM. 
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Figure 8. Illustration of aircraft J16-04E and S25-03E forward search based on a 60-degree-angle sector. 
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Figure 9. Recognition of the blue side’s intention—combat support—by the game agent of the red side. 
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Figure 10. Recognition of the blue side’s intention—maneuvering—by the game agent of the red side. 
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Figure 11. Recognition of the blue side’s intention—assemble for standby—by the game agent of the red side. 
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Table 1. Incomplete enemy situation information at the current moment detected by our side.






Table 1. Incomplete enemy situation information at the current moment detected by our side.





	
Index

	
t

	
Unit




	
   l a t   

	
   l o n   

	
   h C   






	
1

	
0.63

	
0.35

	
56

	
J16-01E




	
2

	
0.46

	
0.57

	
60

	
*-01E




	
3

	
0.35

	
0.36

	
35

	
J16-02E




	
4

	
0.32

	
0.54

	
50

	
J16-03E




	
5

	
0.94

	
0.25

	
59

	
S25-02E




	
6

	
1.14

	
0.99

	
92

	
J16-04E




	
7

	
0.92

	
0.65

	
135

	
S25-01E




	
8

	
0.88

	
1.64

	
178

	
S25-03E




	
9

	
1.39

	
0.58

	
84

	
*-02E




	
10

	
1.42

	
0.70

	
181

	
J16-06E




	
11

	
1.30

	
0.61

	
134

	
J16-07E




	
12

	
1.44

	
1.12

	
140

	
S25-04E




	
13

	
1.39

	
1.30

	
1794

	
S25-05E




	
14

	
1.48

	
1.29

	
185

	
*-03E




	
15

	
1.56

	
1.21

	
175

	
S25-07E




	
16

	
1.37

	
1.19

	
181

	
S25-08E




	
17

	
0.82

	
0.35

	
325

	
J16-08E




	
18

	
0.98

	
0.39

	
291

	
S25-09E




	
19

	
1.30

	
0.31

	
46

	
T15-01E




	
20

	
0.60

	
1.57

	
–

	
B11-01E








*: Unknown detection information. –: No such item in this unit.













 





Table 2. Incomplete enemy situation information on the historical moments detected by our side.






Table 2. Incomplete enemy situation information on the historical moments detected by our side.





	
Index

	
    t − 1    

	
    t − 2    

	
    t − 3    

	
    t − 4    

	
    t − 5    

	
Unit




	
   l a t   

	
   l o n   

	
   l a t   

	
   l o n   

	
   l a t   

	
   l o n   

	
   l a t   

	
   l o n   

	
   l a t   

	
   l o n   






	
1

	
0.71

	
0.58

	
0.67

	
0.56

	
0.44

	
0.56

	
0.68

	
0.74

	
0.73

	
0.35

	
J16-01E




	
2

	
0.27

	
0.32

	
0.42

	
0.37

	
0.66

	
0.35

	
0.27

	
0.28

	
0.37

	
0.26

	
*-01E




	
3

	
0.47

	
0.64

	
0.36

	
0.58

	
0.26

	
0.27

	
0.53

	
0.34

	
0.28

	
0.55

	
J16-02E




	
4

	
0.37

	
0.59

	
0.68

	
0.63

	
0.71

	
0.72

	
0.72

	
0.35

	
0.66

	
0.73

	
J16-03E




	
5

	
0.92

	
0.22

	
0.88

	
0.15

	
0.84

	
0.10

	
0.89

	
0.12

	
1.04

	
0.15

	
S25-02E




	
6

	
1.15

	
0.87

	
1.16

	
0.77

	
1.17

	
0.69

	
1.17

	
0.57

	
1.18

	
0.46

	
J16-04E




	
7

	
0.98

	
0.58

	
1.02

	
0.53

	
1.09

	
0.47

	
1.14

	
0.54

	
1.20

	
0.47

	
S25-01E




	
8

	
0.93

	
1.64

	
1.03

	
1.63

	
1.10

	
1.61

	
1.23

	
1.62

	
1.31

	
1.62

	
S25-03E




	
9

	
1.30

	
0.49

	
1.19

	
0.61

	
1.12

	
0.48

	
1.30

	
0.49

	
1.47

	
0.48

	
*-02E




	
10

	
1.39

	
0.85

	
1.22

	
0.79

	
1.35

	
0.71

	
1.48

	
0.85

	
1.29

	
0.87

	
J16-06E




	
11

	
1.34

	
0.76

	
1.44

	
0.65

	
1.47

	
0.85

	
1.09

	
0.84

	
1.10

	
0.60

	
J16-07E




	
12

	
1.30

	
1.04

	
1.21

	
1.11

	
1.39

	
1.22

	
1.30

	
1.17

	
1.21

	
1.01

	
S25-04E




	
13

	
1.57

	
1.27

	
1.60

	
1.44

	
1.46

	
1.39

	
1.26

	
1.30

	
1.31

	
1.44

	
S25-05E




	
14

	
1.54

	
1.34

	
1.61

	
1.26

	
1.62

	
1.36

	
1.40

	
1.21

	
1.63

	
1.30

	
*-03E




	
15

	
1.52

	
1.35

	
1.47

	
1.03

	
1.35

	
1.08

	
1.22

	
1.03

	
1.27

	
1.17

	
S25-07E




	
16

	
1.55

	
1.21

	
1.59

	
1.33

	
1.45

	
1.44

	
1.61

	
1.44

	
1.48

	
1.35

	
S25-08E




	
17

	
0.78

	
0.27

	
0.81

	
0.42

	
0.89

	
0.53

	
1.05

	
0.54

	
0.94

	
0.67

	
J16-08E




	
18

	
1.11

	
0.49

	
1.21

	
0.58

	
1.03

	
0.51

	
0.88

	
0.40

	
0.71

	
0.41

	
S25-09E




	
19

	
1.26

	
0.27

	
1.22

	
0.22

	
1.09

	
0.57

	
0.93

	
0.53

	
1.03

	
0.45

	
T15-01E




	
20

	
0.60

	
1.57

	
0.60

	
1.57

	
0.60

	
1.57

	
0.60

	
1.57

	
0.60

	
1.57

	
B11-01E








*: Unknown detection information.













 





Table 3. The current positions of our combat units.






Table 3. The current positions of our combat units.





	Index
	   l a t     (°)
	   l o n     (°)
	    h C      (°)
	Unit Number





	1
	0.97
	1.23
	285
	J16-01U



	2
	0.56
	1.11
	345
	J16-02U



	3
	0.63
	1.21
	226
	J16-03U



	4
	1.19
	0.76
	232
	J16-04U



	5
	1.16
	0.55
	46
	J16-05U



	6
	1.30
	1.43
	274
	J16-06U



	7
	1.33
	1.01
	92
	J16-07U



	8
	0.90
	0.94
	–
	HQ5-01U



	9
	1.23
	1.19
	–
	HQ5-02U



	10
	0.44
	1.48
	–
	HQ5-03U







–: No such item in this unit.













 





Table 4. Parameter settings for intention recognition of formation and single operation.






Table 4. Parameter settings for intention recognition of formation and single operation.





	
Formation Operation

	
Single Operation






	
   R  e m p    

	
Empirical radius

	
15 km

	
   D  s A A    

	
Suspected air

attack distance

	
20 km




	
   D  s G A    

	
Suspected ground

attack distance

	
12.5 km




	
   D  s B A    

	
Suspected return

distance

	
7.5 km




	
   d  t h r    

	
Deviation threshold

	
8 km

	
   h  t h r d    

	
Angle threshold

	
   7 ∘   




	
   f  t h r    

	
Formation decision threshold

	
3

	
n

	
Number of forward

search points

	
5




	
   Δ d   

	
Fixed interval

	
7 km











 





Table 5. Part I: Intention recognition for formation operation at current time t based on TDGG.






Table 5. Part I: Intention recognition for formation operation at current time t based on TDGG.





	

	
Suspected Formations






	
Formation

information

	
   f  s 1    

	
   z  f  s 1     

	
   f  s 2    

	
   z  f  s 2     




	
[S25-04E,

S25-05E,

*-03E,

S25-07E,

S25-08E]

	
[1.26,1.62,

1.04,1.44]

	
[J16-01E,

*-01E,

J16-02E,

J16-03E]

	
[0.27,0.72,

0.27,0.73]




	
Solving

parameters

	
   n  v m    

	
5

	
   d 1   

	
    1.46 ∘    

	
   n  v m    

	
4

	
   d 1   

	
    2.78 ∘    




	
   d 2   

	
    3.78 ∘    

	
   d 2   

	
    4.01 ∘    




	
   d 3   

	
    2.32 ∘    

	
   d 3   

	
    6.70 ∘    




	
Result of

formation recognition

	
    f 1  =  f  s 1     

	
    z  f 1   =  z  f  s 1      

	
    f 2  =  f  s 2     

	
    z  f 2   =  z  f  s 2      




	
Our units

in the area

	
[HQ5-02U]

	
Nothing




	
Result of

intention recognition

at current time t

	
4—Ground Attack

	
1—Assemble for standby




	
Result of

intention parameter

at current time t

	
Attack: [HQ5-02U]

	
Zone: [1.26,1.62,1.04,1.44]








*: Unknown detection information; Zone   z  f  s i    :   [ l a  t  i a v g m i n   , l a  t  i a v g m a x   , l o  n  i a v g m i n   , l o  n  i a v g m a x   ]  .













 





Table 6. Part II: Intention recognition for formation operation at current time t based on TDGG.






Table 6. Part II: Intention recognition for formation operation at current time t based on TDGG.





	

	
Suspected Formations






	
Formation

information

	
   f  s 3    

	
   z  f  s 3     

	
   f  s 4    

	
   z  f  s 4     




	
[*-02E,

J16-06E,

J16-07E]

	
[1.10,1.47,

0.48,0.86]

	
[J16-08E,

S25-02E,

S25-09E]

	
[0.81,1.04,

0.12,0.58]




	

	
   n  v m    

	
3

	
   d 1   

	
    2.69 ∘    

	
   n  v m    

	
2

	
   d 1   

	
    6.11 ∘    




	
   d 2   

	
    2.72 ∘    

	
   d 2   

	
    7.30 ∘    




	
   d 3   

	
    3.34 ∘    

	
   d 3   

	
    13.02 ∘    




	
Spatiotemporal

consistency

	
Satisfied

	
Satisfied

	
Satisfied

	
Not satisfied




	
Result of

formation recognition

	
    f 3  =  f  s 3     

	
    z  f 3   =  z  f  s 3      

	
**

	
**




	
Our units

in the area

	
[J16-04U, J16-05U]

	
**




	
Result of

intention recognition

at current time t

	
3—Air Attack

	
**




	
Result of

intention parameter

at current time t

	
Attack: [J16-04U, J16-05U]

	
**








*: Unknown detection information; **: Items that do not need to be calculated; Zone   z  f  s i    :   [ l a  t  i a v g m i n   , l a  t  i a v g m a x   , l o  n  i a v g m i n   , l o  n  i a v g m a x   ]  .













 





Table 7. Part I: Intention identification for the remaining targets at current time t based on VGD.






Table 7. Part I: Intention identification for the remaining targets at current time t based on VGD.





	

	
The Air Targets of Single Operation






	
   u  l i s t    

	
   u 1   

	
   u 2   

	
   u 3   

	
   u 4   




	
S25-02E

	
J16-04E

	
S25-01E

	
S25-03E




	
Solving

parameters

	
    [  h   A B  ^   ,  h   B C  ^   ]    ( ∘  )    

	
[60.3, 56.3]

	
[95.7, 94.8]

	
[128.7, 130.6]

	
[174.3, 180.0]




	
    d  t h 1     ( ∘  )    

	
1.30

	
3.7

	
6.3

	
3.6




	
    d  t h 2     ( ∘  )    

	
2.7

	
2.7

	
4.4

	
2.0




	
    d  t h 3     ( ∘  )    

	
4.0

	
0.9

	
1.9

	
5.6




	
Stable straight

flight state

	
Enter

	
Enter

	
Enter

	
Enter




	
Forward

search

points

	
1-st

	
[22,7]

	
[26,24]

	
[20,16]

	
[19,37]




	
2-nd

	
[23,8]

	
[26,25]

	
[19,17]

	
[17,37]




	
3-rd

	
[24,10]

	
[26,27]

	
[18,18]

	
[16,37]




	
4-th

	
[24,11]

	
[26,28]

	
[17,19]

	
[14,37]




	
5-th

	
[25,12]

	
[26,29]

	
[16,20]

	
[13,37]




	
The sensitive units

in VGD

	
Nothing

	
[HQ5-02U,

J16-01U,

J16-07U]

	
[HQ5-01U]

	
[B11-01E]




	
Result of

intention recognition

at current time t

	
6—Maneuvering

	
3—Air

Attack

	
4—Ground

Attack

	
2—Retreat

and return




	
Result of

intention parameter

at current time t

	
path point:

  [ 0.97 , 0.30 ]  

  [ 1.01 , 0.34 ]  

  [ 1.05 , 0.43 ]  

  [ 1.08 , 0.47 ]  

  [ 1.12 , 0.52 ]  

	
Attack:

J16-01U,

J16-07U

	
Attack:

HQ5-01U

	
Return:

B11-01E








Coordinates of forward search points:   [  N  l a t E   ,  N  l o n E   ]  .













 





Table 8. Part II: Intention identification for the remaining targets at current time t based on VGD.






Table 8. Part II: Intention identification for the remaining targets at current time t based on VGD.





	

	
The Air Targets of Single Operation






	
   u  l i s t    

	
   u 5   

	
   u 6   

	
   u 7   




	
J16-08E

	
S25-09E

	
T15-01E




	
Solving

parameters

	
    [  h   A B  ^   ,  h   B C  ^   ]    ( ∘  )    

	
[258.7, 63.4]

	
[222.0, 217.6]

	
[51.3, 45.0]




	
    d  t h 1     ( ∘  )    

	
66.3

	
69.0

	
5.3




	
    d  t h 2     ( ∘  )    

	
261.6

	
73.4

	
1.0




	
    d  t h 3     ( ∘  )    

	
195.2

	
4.4

	
6.3




	
Stable straight

flight state

	
Not Enter

	
Not Enter

	
Enter




	
Forward

search

points

	
1-st

	
**

	
**

	
[30,8]




	
2-nd

	
**

	
**

	
[31,9]




	
3-rd

	
**

	
**

	
[32,10]




	
4-th

	
**

	
**

	
[33,11]




	
5-th

	
**

	
**

	
[34,12]




	
The sensitive units

in VGD

	
**

	
**

	
Nothing




	
Result of

intention recognition

at current time t

	
7—Other

	
7—Other

	
5—Combat

support




	
Result of

intention parameter

at current time t

	
–

	
–

	
path point:

  [ 1.32 , 0.35 ]  

  [ 1.38 , 0.40 ]  

  [ 1.42 , 0.44 ]  

  [ 1.48 , 0.49 ]  

  [ 1.52 , 0.53 ]  








**: Items that do not need to be calculated. –: No such item in this unit. Coordinates of forward search points:   [  N  l a t E   ,  N  l o n E   ]  .
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