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Abstract—Increasingly crowded airspaces are bringing the 
attention of the aviation community since diverse users try to 
make use of a common airspace. The challenge is to identify and 
implement technologies to effectively but also efficiently manage 
an integrated multi-aviation airspace. This paper briefly presents 
a comprehensive synopsis of efforts to unify air navigation 
regulations so that the airspace can be effectively shared by 
multiple aviation pilots and aircraft. It recalls proposals to enable 
aviation sectors to coexist in the same airspace.  The focus of this 
paper is on insights into Knowledge Technologies (KTs) to 
facilitate procurement and management of a shared multi-
aviation airspace. It discusses challenges and opportunities when 
implementing KT solutions to facilitate the integration of 
different aviation capabilities for a shared airspace. The analysis 
presented selectively explores software engineering for bottom-
up/top-down integration along with artificial intelligence traits 
such as knowledge representation. Concluding remarks and the 
way forward to foster KT solutions for integration of multiple 
aviation in a single airspace are also presented. 

Keywords—air traffic management; unmanned aerial system 
traffic management; airspace integration; knowledge technology 

I.  INTRODUCTION 

Aeronautics has undergone transformations since the first 
airplane flew. The airspace management has gone through 
changes mainly due to flight procedures, innovation 
technologies, government regulations.  They are required 
updates that come along with the inexorable evolution of the 
aviation industry. Nowadays, such an evolutionary demand 
mostly comes from increasingly crowded airspaces where users 
from different aviation sectors (diverse aircraft and motives) 
try to make use of a common airspace. The aviation 
community has already started addressing and dealing with the 
above need some time ago. There are several initiatives as well 
as proposed approaches to integrate and implement an 
integrated multi-aviation/user airspace. 

The first part of this paper briefly presents a comprehensive 
synopsis of the proposed integration solutions to unify air 
navigation regulations so that the airspace can be effectively 
shared by multiple (onboard or remote) aviation pilots and 
(manned or unmanned) aircraft. It briefly recaps and reviews 
proposals to enable aviation sectors to coexist in a common 
airspace, particularly integration plans to provide UAVs with 
access to regulated airspaces.  

The summary includes a range of agreements and measures 
which go from unification of the airspace regulations (e.g. 
countries or zones which do not have the same air navigation 
space) to the integration of UAVs to the airspace traditionally 
used by manned aerial vehicles. These are two distinct but also 
extreme air-navigation situations. The former is a basic 
drawback for actual aviation and the latter is a more complex 
problem. However, there are other emerging issues to tackle 
regarding Air Traffic Management (ATM) such as the 
incremental use of spacecraft for scientific proposes, and 
recently increased activities for commercial proposes 
(spacelines for space flights). This also includes dealing with 
potential airspace obstacles, e.g. increasingly-spotted 
wreckages from satellites (also other spacecraft or space 
instruments) returning to earth as well as extra-terrestrial 
objects entering the earth’s atmosphere.  

The second part of this paper presents insights into 
Knowledge Technologies (KTs) to facilitate procurement and 
management of a shared multi-aviation airspace. It discusses 
challenges and opportunities when implementing KT solutions 
to facilitate the integration of different aviation capabilities for 
a common airspace, including framework architectures that 
increase automation levels in ATM. The discussion is centred 
on KTs rather than being focused on information technologies. 
This is because knowledge has a broader meaning than 
information since it is information with a purpose and a 
potential to generate action.  

KT involves communication, computation, automation, and 
autonomy as well as several computing and engineering 
disciplines, i.e. informatics, software/systems engineering, etc. 
The analysis presented selectively explores software 
technologies for bottom-up/top-down integration such as 
service orientation, (multi-)agents, and their supporting 
middleware. It also examines features of holistic organization 
approaches such as holons, and swarm intelligence. Terms and 
concepts like knowledge representation, cognitive reasoning, 
automated planning, information fusion, decision making, and 
situation awareness are discussed as well.  

This paper presents a comprehensive overview of the 
airspace situation across all the world continents, especially 
continents with very congested airspace such as North 
America, Europe, and Asia. Particular attention is paid to 
countries such as United States, United Kingdom, and 



European Union where the operation of UAVs is remarkably 
increasing. The discussion presented mentions efforts for 
multi-aviation airspace management made by well-reputed 
aerospace institutions such as National Aeronautics and Space 
Administration (NASA), Federal Aviation Administration 
(FAA), Department of Defense (DoD), and Ministry of 
Defence (MoD).  

The rest of the paper is organized as follows. Section II 
summarizes the foundations for airspace management. Section 
III presents a synopsis of the proposed integration solutions to 
unify air navigation regulations. Section IV describes the main 
pillars from KT. Section V discusses technological enabling 
candidates that can facilitate the airspace integration. The last 
section presents the conclusions and the way forward to foster 
KT solutions for integration of multiple aviation in a single 
airspace. 

II. AIRSPACE MANAGEMENT 

This section presents a summary of the foundations for 
airspace management. 

A. Air Traffic Management 

ATM is comprised from processes and systems enabling 
safe conduct of the flights. The three subfields of ATM are 
ATFM (Air Traffic Flow Management), AIS (Aeronautical 
Information Services) and ATC (Air Traffic Control). The 
main interplay among the subfields happens when demand-
capacity imbalances are mitigated in ATFM by comparing 
flightplans against ATC units resources (assessed with the help 
from AIS) and using slotting, along with other time constraints, 
to smooth the flow. The rules and principles of air navigation 
are developed by ICAO (International Civil Aviation 
Organization) which publishes the foundations of the 
regulations, called SARPs (standards and recommended 
practices) as annexes and issues PANS (procedures for air 
navigation services) as docs (e.g. doc 4444 – the ATM). 
Regional supplementary procedures (SUPPs) are released as 
AIPs (aeronautical information publications). 

In order to maintain a safe and orderly traffic flow, flight 
rules and airspace classes have been identified [1]. The two 
flight rules are IFR (Instrument Flight Rules) and VFR (Visual 
Flight Rules). The seven airspace classes are A-G, with 
different levels of service and flight requirements. Class A has 
most stringent requirements, but provides ATC to all flights; 
class G is the least restrictive.  

Flight safety is achieved via several separation standards. 
Vertical separation is obtained by instructing aircraft to operate 
within certain altitudes (or flight levels, which refer to a 
prescribed altimeter setting procedure). The standard horizontal 
separation based on radar, ADS-B or MLAT is 5 nautical miles 
(nm), but may be reduced to 3 nm under certain circumstances, 
for example, when the radar, ADS-B or MLAT system has 
satisfactory requirements (reduction to 2.5 nm is also possible 
between aircraft established on final approach when the ATS 
and airport systems have the capabilities required). Last but not 
least, ICAO prescribes separation minima with regards to wake 
turbulence: heavier aircraft induce stronger vortices and require 
greater separation to trailing aircraft (all aircraft types are 

categorized into wake turbulence categories depending on their 
maximum certificated take-off mass).  

ATM is complicated as stated in a FAA presentation from 
the Complex Aerospace Systems Exchange conference in 2012 
[2]. This publication shows a simplified structure of the NAS 
(National Airspace System) in the US to realize about the 
complexity of the NAS. The DoD also has an Airspace 
Integration Plan for Unmanned Aviation aligned with the joint 
Office of the Secretary of Defense-Federal Aviation 
Administration (OSD-FAA) UAV Airspace Integration 
Initiative [3]. The MoD also has its own plan; the Future 
Airspace Strategy Deployment Plan [4]. 

B. Agreements and Measures 

In Europe, sharing costs between ANSPs is done via the 
route pricing system launched in 1971. A flightplan going 
through any country is charged according to the country's unit 
rate, the length of the flight portion through the country, and 
the aircraft weight. The unit rate is based on the State’s ATM 
costs and includes expenses for staff, infrastructure, equipment 
at airports, search and rescue, meteorological services, 
aeronautical information services, etc. The fact that the route 
charge is based on flightplan data gives airlines an opportunity 
to plan their flight around a country with a high unit rate and 
then ask for a re-route when airborne (so called "airspace 
dodging"). The state that allows the re-routing does not get 
paid for this, while the state that no longer has to deal with the 
flight still gets the payment.   

The route charging makes no provision for integration of 
unmanned air vehicles to the airspace -- the subject discussed 
in the next section. 

III. AIRSPACE INTEGRATION SOLUTIONS  

Accommodation of various classes of airspace users has 
been on the agenda of policy makers in both NextGen [5] and 
SESAR [6] for a number of years. A central pillar of the 
ongoing ATM modernization efforts is PBN (Performance-
Based Navigation) [7] whose very idea is to acknowledge the 
diversity of the users and provide air navigation services based, 
in particular, on their equipage level. A substantial part of the 
SESAR Joint Undertaking is devoted to unification and 
harmonization of airspace regulations, which currently are a 
legacy of country-specific fragmented developments: FABs 
(Functional Airspace Blocks), CDM (Collaborative Decision 
Making), FRASE (Free Route Airspace) and SWIM (System-
Wide Information Management) are some of the specific cross-
border initiatives within SESAR.  

Recent years have seen a drastic increase in the number of 
new kind of players in the sky, called RPAS (Remotely Piloted 
Aerial Systems) or UAVs (Unmanned Aerial Vehicles) or 
sUAS (small Unmanned Aerial Systems) or simply drones. The 
new, disruptive drone technology provides endless possibilities 
in numerous applications, but at the same time raises the 
unprecedented challenge of integration into the existing 
operations. The main ingredient for the successful sharing of 
the available resources is airspace assessment and definition of 
traffic classes (multi-class traffic flows amidst different types 
of constraints was considered earlier also in the conventional 



ATM research; see e.g. [8], [9]). This task has been 
accomplished in EUROCONTROL's ConOps which specifies 
several classes of traffic (airspace and vehicle classes are 
secondary typologies) and lays out the general integration 
requirements and challenges. EU ConOps is similar in spirit to 
its sister documents produced elsewhere, e.g. by NASA in the 
US [10] and in Japan [11]. 

Splitting the airspace into classes and levels is a crucial step 
towards traffic manageability. At the same time, it leads to a 
realm of open problems that need to be solved before a 
successful implementation of the management infrastructure. 
An extreme scenario is takeoff and landing of a VHL (Very 
High Level) vehicle (spacecraft) which has to pass through all 
kinds of airspaces on its way up or down; see e.g. [13]. 
Optimizing placement of the "launch cylinders" for space-
bound flights requires knowledge of flight plans of several 
traffic classes, so that the space-to-ground movements can be 
scheduled with minimum disruption to operating networks of 
the other users. 

Naturally, managing interaction between different-class 
users is crucial not only during altitude changes but also when 
considering traffic on the same flight level. Let us look closer 
at a potential conflict between two flights, and assume that the 
vehicles have different detect-and-avoid capabilities: denote 
the less-equipped vehicle by D (Dumb) and the better-equipped 
by A (Advanced). The Safety First principle dictates that A 
takes care of the projected loss of separation and executes the 
avoidance maneuver (even though it may be much costlier than 
a corresponding maneuver performed by D) without waiting 
for the identification of D, determining its owner, contacting 
the operator and demanding mitigation. A recurring example 
are near-miss encounters between a small drone (D) and a large 
commercial aircraft (A) -- incidents which are reported these 
days with alarming frequency, in particular, in the UK. In most 
cases, D remains unidentified, and it is A that takes the 
responsibility for the conflict avoidance, putting stress on the 
pilot, the controller and other involved parties. 

The above considerations motivate focusing on the lowest-
end of equipage level: if a system is able to cope with traffic 
consisting solely of dumb users, it will also be able to handle 
situations when some of the users are (more) advanced. (This is 
reminiscent of the conventional ATM practice, which has to 
cater to the least-equipped airplanes, and more generally is a 
reincarnation of the bottleneck issue of dealing with the 
"weakest link" in any system.) Uncontrolled VLL (Very Low 
Level) airspace operations deserve special consideration in this 
regard, as the ones which may see the sharpest rise in the 
density of low-cost autonomous UAVs [14]. At present it is not 
clear whether VLL will consist of one or several altitude layers, 
due to the noise considerations and issues with vertical 
precision; in particular, the conventional-ATM collision-
avoidance solutions are being adapted to provide horizontal-
only Traffic alert and Collision Avoidance System (TCAS) for 
UTM [15]. Basic traffic models for the dumb(est) UAVs in a 
single-layer VLL airspace (taking into account the strong 
stochastic component of the airspace demand) are being 
explored from the point of view of capacity estimation [16] - 
[20] and distributed protocols for conflict management [21]. 

This section is concluded by bringing the attention back to 
PBN as the unifying theme for multiple airspaces used by 
multi-class vehicles, and restate the two mantras, related to safe 
airspace integration, from the plenary talk of Dr. Parimal 
Kopardekar at DASC 2016 [22] (see also NASA ConOps paper 
[11]: (1) "Flexibility where possible and structure where 
needed", and (2) "Risk based- Geographical needs, application, 
and performance-based airspace operations". Indeed, 
development of PBN for UTM, in order to adopt different 
regulations in different areas, is a core of airspace integration 
solutions, as different airspaces (rural, urban, etc.) may require 
different capabilities: e.g. users with weaker capabilities may 
not be permitted in the congested urban spaces. Other possible 
restrictions include cruising constraints, lanes, corridors, 
altitude separation, etc.  

One technological way of enabling PBN is geofencing; in 
fact, EUROCONTROL's ConOps (Section 5.1.1) assumes that 
for VLL operations, geofencing is in place. However, as per 
"flexibility where possible structure where necessary" mantra, 
restrictions have to be established only when and where 
needed. This gives rise to a fundamental problem of enclosing 
the many restricted areas into a set of "simple" geofences while 
"stealing" as little airspace as possible from the other traffic 
classes (commercial platforms like LATAS provide geofencing 
via "Easy to understand no fly zones, airspace classes, 
geofences and temporary restrictions." [23]. As a by-product, 
simplified geofences will ease broadcasting of updated 
flightplans and make them more easily executable. 
Optimization of geofencing for UTM's PBN is the subject of 
ongoing research work. 

IV. INSIGHTS INTO KNOWLEDGE TECHNOLOGIES 

This section presents the scope and KT elements for the 
study carried out in this paper to support airspace integration. 

A. Study Scope 

A full study for a deep understanding of KTs as well as a 
detailed discussion on all the problems faced when integrating 
airspaces is too ambitious and is out of the scope of this paper. 
Instead, this paper focusses the insights into KTs on one of the 
airspace integration problems (as introduced in previous 
section), the management of interaction between diverse users. 
Examples related to this problem are presented along the 
discussion. Additionally, the paper only targets two enabling 
KTs to refine but also detail the review. 

The discussion is aligned with a scenario where aircraft 
differently equipped with detect-and-avoid capabilities face a 
potential problem of air collision. The insights discussed are to 
analyze how KTs can facilitate procurement and management 
of a shared multi-aviation airspace. Firstly, it briefly reviews 
the main pillars from KT, and then discusses enabling KTs for 
integration, particularly those coming from computer science: 
software architectures from Software Engineering (SE), and 
knowledge from Artificial Intelligence (AI). Thus, not all the 
KTs are discussed. 

Notably, KTs not only provide support for land systems 
(ATM) but also for air systems (aircraft). Thus, the insights 
cover both domains as part of the airspace management system. 



Although there is still not a clear definition for KT, it mainly 
involves informatics and the AI field. Thus, it has its 
foundations on the above disciplines whilst combines different 
pillars to make its backbone. KT is underpinned by the 
following main pillars: computation, communication, 
information, cognition, and automation.   

B. Knowledge Techonology 

This subsection discusses the main pillars as KT foundation 
to support enablers for airspace integration. 

1) Computation 
The aviation sector entails systems that correspond to 

different levels of criticality. This provides a range of 
applications for management (control, supervision, monitoring, 
etc.) that goes across the Real-Time (RT) spectrum (from non-
RT to hard RT applications ultimately depending on safety 
requirements). Computing time is critical for some avionics 
systems such the autopilot system, TCAS, or flight/fuel 
management systems. Other aircraft systems are more relax in 
term of computation timing, e.g. some features of the onboard 
entertainment system.  

Knowledge computing is usually required at high 
computation levels (involving considerable amount of 
information). It is typically a process slower than more time-
critical applications (involving reduced amount of 
information). ATM systems are demanding more and more 
simultaneous computation of big data from multiple sources. 
NextGen and SESAR clearly challenge computation to provide 
capabilities to deal with a safer airspace management as to a 
clean separation in classes and levels. 

Integrated Modular Avionics (IMA) architecture [24] has 
gained popularity and acceptance as the standard platform for 
avionic applications in aircraft. Time partitioning and RT 
execution of virtual processors (IMA partitions) guarantee 
meeting synchronization constraints in time-critical avionics 
applications. On the other hand, land radar systems also require 
RT computation to track aircraft. In any case, computation is a 
key element for KT-based systems to timely compute as 
required, e.g. computing of automated detect-and-avoid. 

2) Communication 
Communication is vital in aviation. It is part of the avionics 

backbone and a key pillar in KTs. Communication can be air-
to-air, air-to-land, and land-to-land in ATM. It can transmit 
diverse types of data packets (voice, videos, values, 
parameters, etc.). Nowadays, most of the avionic 
communication systems are digital. They are also implemented 
at different network levels. 

 Like computation, communicating knowledge is usually 
required at high communication levels (transmitting huge 
amount of data in slower network channels). On the other hand, 
more time-critical applications transmit smaller amount of data 
over faster networks. Modern and future ATM systems demand 
different communication rate according to applications, e.g. a 
fast and predictable network is required in aircraft for the 
TCAS whilst a slower and best-effort network is required to 
switch lights in the aircraft cabin. A similar situation can be 
found in land systems (e.g. the radar system and control tower). 

3) Information 
Data that have a meaning is information. Information is 

fundamental for ATM systems and it is vital as input/output for 
any computation or communication. It is the base of KT-based 
systems but it is clear it is not knowledge. The main drivers for 
information are sensors (to collect data, and based on them 
generate information) and effectors (to make outgoing 
information available for further processing, display, etc.). 

Information Fusion (IF) is usually used for combination of 
massive information sources available for a system. IF is not 
novel for avionics analytics. There are IF architectures 
proposed for avionics systems [25], [26]. IF methodologies can 
be applied onboard (aircraft systems) and offboard (land 
systems). IF is necessary in both domains as air vehicles and 
airports are becoming more and more sophisticated by incising 
the amount of information handled, e.g. weather conditions, 
PBN-based air traffic, airport incursions, etc. 

4) Cognition 
Information Technology (IT) has been widely used in ATM 

systems although it has limitations when artificial cognitive 
capabilities are required. However, cognition is built upon 
information by endowing it with a purpose and ability to 
perform actions. The power of cognition lays on the ability to 
logically cross-relate information and come up with potential 
solutions to specific problem, e.g. endowing the autopilot from 
a commercial airplane with autonomous capabilities to avoid a 
drone (which is less equipped than the former).  

Cognition is an evolved concept that has already been 
introduced in avionics. Initial realizations and applications can 
be found in artificial support for decision-making process in 
avionics analytics [26], [27]. Cognitive capabilities are the 
main players to move from automation to autonomy for an 
avionics system, e.g. the development of an artificial advisor 
for ATC operators to support them to make decision on tricky 
ATM situations. 

5) Automation 
Automation in aviation has been developed and used for 

long time, e.g. the autopilot system. The trend is that avionics 
automation will go on growing increasingly. The main purpose 
is to pilots get rid of tasks that computers can well carry out. 
Same situation is for land systems, e.g. the Standard Air Traffic 
Control Automation System (SATCAS) [28], the indra ATC 
automation which, among other automated capabilities, 
provides prediction on potential intrusion to restricted areas 
[29]. The more complex is the task to handle the more 
sophisticated the automation system becomes. 

Avionics systems are becoming rather autonomous than 
automatic with the introduction of the use of KTs. Autonomy 
mainly comes from AI methodologies applied to evolved 
avionics systems. It is still incredible (typically seen in movies) 
to think about AI realized in ATM systems and even more in 
aircraft systems, but it is not too far away nowadays. The 
principal issue to tackle is certification due to basically the 
freedom that such systems will decide on safety situations, 
involving human lives.  



V. ENABLING TECHNOLOGIES FOR INTEGRATION 

This section discusses two technological enabling 
candidates to facilitate the airspace integration. 

A. Software Engineering 

Software is ultimately the greatest role player for 
integration of avionics systems. On one hand, it was created to 
be flexible enough to agile system modifications and 
adaptations. On the other hand, it always means a big challenge 
for verification and validation, and eventually certification in 
aviation. There are well-known standards (guidelines, methods, 
and considerations) for safety applied to design and 
development of civil aircraft that include avionics software 
applications: safety assessment process (SAE ARP-4761 [30]), 
software development process (SAE ARP-4754 [31]), and 
software certification (RTA DO-178C [32]). In addition, there 
is a standard (RTA DO-297 [33]) for IMA-based systems. 

Software architectures have increasingly gained relevance 
to systems development in the last three decades. They can be 
classified as follows: application architectures, middleware 
architectures, and operating system architectures. All of them 
target stand-alone computer applications as well as interlinked 
applications deployed across computers connected over a 
network. Main milestones of the architectural software 
evolution are aligned with the above classification. These 
architecting landmarks are the introduction of object 
orientation (for encapsulation of functionalities), the 
networking services (due to the increasing use of networked 
computer systems), and the virtualization of computing 
resources (mainly for portability and support of multi-level 
criticality), e.g. avionics software partitioning in IMA 
architecture (ARINC 653 [24]).  

The software architectures that are relevant for the 
integration of diverse aircraft and airspace management 
systems are mainly those for software applications and 
middleware. They are meant to be realized and executed on 
operating system architectures for avionics such as VxWorks 
[34] (including compliance with ARINC-653 specifications), 
LynxOS-178 [35] which is a certifiable RTOS for military and 
aerospace RT applications, and Integrity-178 RTOS [36] for 
aircraft, and UNIX for ATM systems. 

The most relevant software application and middleware 
architecture approaches to be considered for airspace 
integration are discussed below. 

1) Software Application Architecture 
The software application architectures discussed are the 

following. 

a) Data-Centric Architecture (DCA). The DCA was 
initially applied to distributed database applications. This is a 
result of high performance messaging and database 
technologies. The DCA interaction model is based on a 
publisher-subscriber approach for large volumes of data. A 
middleware is usually used to implement a DCA. A practical 
implementation of the DCA is the RTI DDS [37]. The DDS 
specification is an OMG standard [38]. It can explicitly 
control the latency and make use of network resources which 

are critical for integration of RT applications over the Internet 
[39], [40].  

b) Service-Oriented Architecture (SOA). A successful 
solution for integrating software components of distributed 
applications is SOA [41], [42]. This effective paradigm 
became attractive to be investigated as to RT constraints when 
invoking services. RT performance is a key issue in RT 
avionics applications. RT-SOA includes the study of 
repository of services, reserved bandwidth, and computing 
capacity, trade-off between performance and cost, and Quality 
of Service (QoS) control. The RT-SOA approach considered 
in this paper is an Evaluation of a RT SOA Implementation 
carried out by the U.S. Surface Navy [43] on the deterministic 
performance of RT-SOA. 

c) Grid-Based Architecture (GBA). Grid applications 
are usually based on Grid services. Different functions are 
published as Grid services on the Internet. Remote integration, 
maintenance and testing applications use service data to 
invoke different services  [44], [45]. However, guarantying 
low latency can be all a challenge. It depends on the software 
technology used. The GBA configuration differs from the 
SOA. It has advantages and disadvantages. One of the 
drawbacks is the complexity of Grid software tools therefore it 
is hard to design applications and to deploy software tools 
using a GBA framework. In addition, services are confined to 
Grid services which creates a limitation to third party services 
that tries to expand system capabilities. 

d) Agent-Based Architecture (ABA). Software agents are 
the de facto technology to be used when integration as well as 
communication (including interaction, collaboration, and 
cooperation) is required. They are one of the best integration 
solutions when capabilities are unknown but low-latency 
interactions are difficult to reach. Advanced computational 
systems such as multi-agent systems are suitable to implement 
organizations inspired from social behaviour of their members 
who can be organized in group, community, etc. according to 
their role in the system. This enables the system to define an 
organizational hierarchy, and be part and whole of the system 
at a time. One of the most spread agent structure is the Belief-
Desire-Intention (BDI) model. This model is built of three 
above blocks (i.e. Belief, Desire (goal), and Intention blocks) 
and the Interpreter and Plan blocks. 

e) Holon-Based Architecture (HBA). There are also 
agent-based entities (well-organized colonies) called holons. 
Holonic structures offer a powerful abstract modelling for 
large complex systems. An architectural approach to support 
the above structure in agency (agent community) with 
collective behaviour exhibited by groups of agents is by means 
of holonic systems. The main representational concern in this 
approach is that interacting agents with skills behave as if they 
were a single entity. Based on the holon concept, elementary 
entity of a holonic system, groups of agents can be organized 
in a team of coalesced agents. A holon keeps structural self-
similarity by being composed of holons as sub-structures. This 
hierarchical relationship can be extended recursively, and is 
called holarchy. An example of natural HBA are swarms. 



2) Software Middleware Architectures 
The purpose of this subsection is to recall and briefly recap 

relevant middleware approaches. 

a) Procedure-Oriented Middleware (POM). One of the 
first middleware given the computational nature (procedure-
oriented software architectures) for communication. The 
communication model is mainly based on Remote Procedure 
Calls (RPCs) which has a peer-to-peer nature (one to one) to 
link procedures. Standards for this POM are the Open 
Software Foundation/Distributed Computing Environment 
(OSF/DCE) standard [46] and the ISO/IEC Distributed 
Systems Annex of Ada (DSA). 

b) Object Oriented Middleware (OOM). The Common 
Object Request Broker Architecture (CORBA) is probably the 
most known middleware to integrate and connect objects. It 
has a client-server nature (many to one) along with a broker to 
link objects. It is standardized by the Object Management 
Group (OMG) [47] as a distributed object computing 
middleware. The RT CORBA specification is an OMG 
standard. There are two versions. Version 1.0 involves end-to-
end predictability for static scheduling in CORBA applications 
[48]. Version 2.0 deals with mechanisms for dynamic 
scheduling in CORBA applications [49]. The Adaptive-
communication-environment Object-request-broker (TAO) is 
the C++ implementation of the RT CORBA, and ZEN is the 
Java implementation of the RT CORBA [48]. 

c) Message Oriented Middleware (MOM). Two of the 
most representative MOM are the Java Message Service 
(JMS), and the DDS. MOM falls into the category of DCAs. 
However, a comparison of MOM and data centric middleware 
is made by the American company RTI [51]. Both middleware 
approaches (JMS and DDS) are effective for performance-
critical applications. The communication model is mainly 
based on message passing/queuing or publisher/subscriber 
which has a producer-consumer nature (one-to-many) to link 
messages. 

d) Component-Oriented Middleware (COM). The 
Incremental Software Evolution for Real Time Systems 
(INSERT) [52] proposes a safety-incremental software 
architecture based on commercial-of-the-shelf components. 
The toolset, Component Synthesis with Model Integrated 
Computing (CoSMIC), implements a QoS-enabled component 
middleware [53]. COM approaches are based on component 
containers, and can adopt different communication models. 

The middleware approaches discussed above make easy the 
integration of the software application architecture. They 
support communication between software applications but their 
chance to be implemented ultimately depends on the network 
OSI layers that can be supported. For instance, the OOM is 
realized for avionics computing missions [54], and could also 
support an ABA (or even an autonomously-organized HBA) to 
implement a collision avoidance system with little 
communication with other aircraft.  

 Table I shows how the software architectures presented 
above can contribute to the airspace integration. 

TABLE I.  INTEGRATION SOFTWARE ARCHITECTURES 

 

Potential Contribution 

Characteristics  Aspects of 
Interest Application 

DCA 
Reliability, Safety, 
Security. 

Low latency, 
broadcast 

Aircraft, 
ATM 

SOA- RT 
Reliability, Safety, 
Security. 

Low latency, 
discovery 

ATM 

GBA Reliability Data fusion 
ATM 

Maintenance  

ABA 
Decentralized 
Organization 

Local & global 
Autonomy 

Multi-level 
ATM 

HBA 
Individual, Holistic 
Organization 

Swarm 
Autonomy  

Multi-level 
ATM 

POM 
Point-To-Point 
Connection 

RPC-based 
query 

ATM 

OOM-
CORBA 

Reliability, Safety, 
Security. 

Determinism Aircraft 

MOM Reliability 
Low latency, 

broadcast 
ATM 

Maintenance 

COM Reliability, Safety. QoS Aircraft 

B. Artificial Intelligence 

KT-based systems classically rely on AI. The aviation 
community is reasonably very antiseptic to incorporate AI into 
aircraft and airspace systems. They like to leave the decision 
taken by a predefined-action system (e.g. the autopilot) instead 
of a system that can choose among different actions which one 
to take (it means it could be a different output action for similar 
set of inputs). This actual picture of the situation shows 
evidence of high automation but poor autonomy.  Nevertheless, 
it does not surprise next generation of air and land avionics 
systems will be endowed with AI solutions although that 
approach seems to be far away nowadays, and probably in the 
near future as well. 

The management of a multi-aviation airspace pushes to the 
limit and beyond conventional IT solutions to support the 
increasing diversity of aircraft platforms. Current IT 
approaches are no longer efficient and effective (in some 
cases), e.g. dealing with crowded airspace whilst considering 
ever-changing weather conditions in the surroundings, and 
additionally dealing with UAVs. This creates a great 
opportunity to develop and deploy advanced and evolved 
solutions based on KTs. The main traits of KTs inherited from 
AI are discussed below. 

1) Knowledge Representation 
There are definitions widely accepted that relate data, 

information, and knowledge. Data are raw/pre-processed 
values (numbers). When data come along with a meaning, they 
become information (a number and a unit to represent a 
parameter, e.g. crosswind speed 40 kts). When information 
come along with a purpose and a potential to generate action, it 
becomes knowledge (e.g. 40 kts of crosswind will not allow 
B737 to take off when runway is wet). Goals can be achieved 
by carrying out actions driven by an intellectual machinery 
(knowledge) which is also able to create new information [1]. 

One of the usual ways to formally describe knowledge is 
means of description logic. One of the way to represent 
practically knowledge is through ontologies. The main 
ontology elements are classes (concepts), properties, instances 
(also individuals), and assertions. A concept represents a set of 



entities or things within a domain. Properties define either 
relations between an individual and a value, or between two 
individuals; called data type properties, and object properties, 
respectively. All this semantics is captured and stored as 
knowledge. The use of ontologies [25], [27] in NextGen as 
well as semantics for ATM in SESAR [27] (Notices to Airman 
or NOTAM [56]) is undergoing.  

2) Cognitive Reasoning 
Knowledge representation is important to take actions. 

However, knowledge by its own is not useful until it is put into 
practice. An engine of rules is required to logically infer 
consequences from facts and axioms defined by the knowledge 
represented (e.g. by means of ontologies). This engine is often 
called reasoner. It is a classifying algorithm (for logical 
inference on knowledge) that usually accompanies the tool 
used to develop the ontology. An artificial reasoner mimics the 
human mind capability for reasoning, e.g. the reasoning mind 
of the Air Traffic Controller (ATC) to manage the airspace by 
making a decision when aircraft and an UAV are very close. 

A reasoner (also semantic reasoner) makes it possible to 
come up with conclusions by querying an ontological database. 
This paves the way to support decision making to plan tasks 
based on actions delivered, e.g. cognitive reasoning support can 
help ATCs plan tasks (on ground and air as needed) such as the 
order for a queue of aircraft for runways to takeoff. 

3)  Automated Planning 
The automation of the process to order and organize the 

sequence of tasks to be carried out to solve a problem is called 
automated planning, e.g. the planning process in the example 
of cognitive reasoning presented in previous subsection 
(V.B.2). There are two main categories of planning approaches 
based on knowledge representation: 

• Built-in plans. These plans have three building steps: 
(1) description of the predefined plans in the 
ontological database, (2) retrieval of the plan, and then 
(3) checking capabilities supported by platform to 
execute the plan. 

• Built-on-demand plans. These plans have three 
building steps: (1) build the plans based on queries 
performed against the ontological database by using a 
forward search algorithm, and then (2) check 
consistency against the capabilities available in the 
platform. 

4) Decision Making 
Decisions in KT-based systems are taken based on 

knowledge and a semantic reasoner. The decision-making 
cycle has four stages: (1) Observation, (2) Orientation, (3) 
Decision, and (4) Action; the Observation-Orientation-
Decision-Action (OODA) loop [57]. For instance, there is a 
situation in which a recreational UAV flying at low altitude 
nearby an airport where a commercial airplane is about to land. 
Observation is provided by the radar for the aircraft 
approaching the runway, and the visual inspection from 
airport’s equipment. Orientation is provided by the ATC 
operator (it could be replaced by an IA solution) who combines 
knowledge to decide on how to tackle the problem and 
implement action(s) as required.   

Decision-making processes are aligned with Situation 
Awareness (SA) which is essential for system autonomy. SA is 
the ability to be aware of, and understand what is happening in 
the surroundings. It has three levels: (1) perception of the 
elements in the environment, (2) comprehension of the current 
situation, and (3) projection of future status [58]. The OODA 
observation stage matches the SA perception level. The OODA 
orientation matches the SA comprehension level. It considers 
the information from the OODA observation stage and the 
knowledge to understand the situation and project actions (SA 
projection level). The OODA decision stage is carried out just 
after the SA process finishes. The OODA action stage closes 
the OODA loop by executing actions according to the decision 
taken.  

The concept of SA as well as situation assessment comes 
from information fusion methodology [25].  The SA concept is 
also applied for avionics analytics along with ontological 
support for decision making [26], [27].  

The OODA cycle and SA process can be mapped in a BDI 
agent as follows. The BDI agent belief block represents the 
informational state of the system, and describes the known 
state of the world (the world model). It matches the SA 
perception and comprehension levels and the OODA 
observation and orientation stages. The BDI agent desire block 
represents the motivational state of the system (goals or 
situations that the system would like to accomplish matching 
the SA projection level). The BDI agent intention block 
represents the deliberative state of the system (what the system 
has chosen to do). It corresponds to the OODA decision and 
action stages. The BDI agent interpreter block maps to the 
reasoner. SA also has an application in intelligent agents [59]. 

C. Application Example 

Four air vehicles with different onboard equipment for 
collision avoidance are in the proximity of an airport. They are 
a commercial airplane (e.g. B777), a private airplane (e.g. 
Cessna 400), large UAV (MQ-9), and a sUAV. It is assumed 
that all of them allow the deployment of KTs but the sUAV. 

The KT architecture implemented is a HBA where each of 
the above vehicles is a member of the holonic airspace 
structure. Each member works as an individual and as a whole 
(along with the others) at a time. The HBA could be well based 
on a ABA where each member plays the agent role. The HBA 
configuration for organization and behavior is swarm. It means 
that the HBA members know what to do when they are close to 
each other as it happens in natural swarm, e.g. swarm of birds 
flying together. This is true for all the members but the sUAV 
that is not as equipped as the others (costs and dimensions).  

The sUAV can act as an autonomous mobile obstacle 
(remote operator not reachable or high degree of autonomy) to 
avoid. It can be extremely seen as an object through to the air 
against the swarm of birds which naturally avoids the obstacle 
(e.g. a stone). This comparision makes sense because the object 
is small (the stone) as the sUAV cannot be endowed with 
collision-avoidance capabilities. All aircraft, including those 
the same size and equipped can be also member of the HBA 
and act as such.  



Fig. 1 show the scenario discussed above. 

Fig. 1. Holon-Based Architecture (HBA) for airspace integration 

D. Challenges for Knowledge Technology Enablers  

The main challenges ahead for the KT enablers discussed in 
this paper to be considered as serious technological candidates 
to develop cognitive capabilities to support the demand for 
airspace integration are: 

1. Aviation community acceptation and assimilation. 
Perhaps, this is the simplest task to carry out but the 
most complex to fully achieve. 

2. Technological platform development to support KTs, 
in particular the KT enablers discussed in this paper. In 
some cases, the current platforms are ready (e.g. IMA 
for HBA-based collision avoidance systems). 

3. Development of tools to facilitate KT solutions, e.g. 
they could either be based on current tools or building 
new ones. 

4. Highly-skilled developers and training to develop KT 
solutions. It will be not strange to find more PhD 
developers since KTs are rather research work-in-
progress than solid engineering. 

5. Along with 4. the avionics systems lifecycle will be 
affected by the introduction of KTs. This involves 
procurement, management, development, and 
operation. 

6. Certification of KT solutions, e.g. as those discussed 
along this paper. This will probably require the 
development of new methodologies/tools, e.g. 
verification and validation of autonomous TCASs. 

VI. CONCLUDING REMARKS AND WAY FORWARD 

A brief but comprehensive synopsis of the proposed 
integration solutions to unify air navigation regulations has 
been presented. The approaches presented aim to be effectively 
shared by multiple (onboard or remote) aviation pilots and 
(manned or unmanned) aircraft. It briefly recaps and reviews 
proposals to enable aviation sectors to coexist in a common 
airspace, particularly an equipment-driven integration plan to 

deal with less-equipped aircraft (e.g. sUAVs) with access to 
regulated airspaces. 

Insights into KTs to facilitate procurement and 
management of a shared multi-aviation airspace have been 
discussed. Challenges and opportunities when implementing 
KT solutions to facilitate the integration of different aviation 
capabilities for a common airspace have been presented. They 
include framework architectures that increase automation 
levels in ATM. 

A brief but comprehensive overview of the airspace 
situation across all the world continents, especially continents 
with very congested airspace such as North America, Europe, 
and Asia has been presented. Main attention to countries such 
as US, UK, and EU countries has been paid. The discussion 
presented mentions efforts for multi-aviation airspace 
management made by well-reputed aerospace institutions such 
as NASA, FAA, DoD, and MoD. 

In addition to enablers from SE and AI (as the main drivers 
of KTs), System of Systems Engineering (SoSE) plays an 
important role in the airspace integration. Covering and 
discussing every single topic related to KTs is impossible given 
the nature of this paper. However, the paper brings and fosters 
KTs to be considered in future developments for multi-aviation 
airspace management systems. 

The way forward for KTs in airspace integration looks 
promising. It is going to be a tough path of huge development, 
radical changes, in particular on the way of practicing 
engineering. KT solutions from other domains will help apply 
or even inspire approaches for airspace integration.  
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