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Abstract

:

As technology continues to leap forward and innovations advance, the systems of civil aircraft are becoming increasingly sophisticated and complex. Accordingly, there is a rising amount of information to be processed by pilots in the cockpit, increasing their cognitive burden, which significantly threatens the safety of flight. Thus, designers have formulated cockpit layout principles relating to importance, frequency of use, functional grouping, and operation sequence on the basis of ergonomics, which can effectively reduce the cognitive burden for pilots. The degree to which the cockpit layout of a model conforms to the four design principles can indicate its ergonomic design level. In accordance with the concepts of the above four cockpit layout principles, evaluation methods for determining their respective conformity to the four design principles were proposed in this paper. These methods use the operational sequence of cockpit system controls used in the normal flight mission of the actual aircraft type as the evaluation data source. Subsequently, the total evaluation results for cockpit layout were obtained using the weighted accumulation method. Lastly, the process for evaluating the cockpit layouts of civil aircraft was illustrated using the cockpits of the A320 series and B737NG series as examples. Based on the final evaluation results, the feasibility and effectiveness of the proposed evaluation method was verified.
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1. Introduction


The first aircraft was developed a century ago. Since then, several innovations aircraft cockpit have been made. In the period leading up to and following World War I, the initial absence of cockpit instruments, which meant that successful manipulation of the aircraft relied on the pilot’s experience and instincts, gave way to the development of simple instruments providing access to critical information to guide flight. Currently, as information technology, communication and navigation, integrated-circuit and other novel technologies are extensively used, the development of aircraft cockpits is shifting to automation and intellectualization, which significantly improves the pilot’s working environment and aircraft safety. Moreover, aircraft systems and components are becoming larger and more complicated to satisfy the growing new demand, thus bringing new challenges to aircraft safety.



Civil aircraft, an important type of aircraft, have developed rapidly over the past few years, being a convenient, comfortable and fast mode of travel. Although aviation safety is improving, flight accidents have not been completely eliminated, and hence the safety of civil aircraft has aroused increasing attention. Statistics suggests that around 70% of accidents are caused by improper operation or the misjudgment of pilots [1,2]. Due to the increase in the complexity of aircraft systems and operations, pilots are required to receive an increasing amount of information and provide feedback on the information. The resulting cognitive overload of pilots can easily lead to misjudgments and operations [3,4]. To address these negative effects, scholars have started to investigate the ergonomics of the cockpit in the interest of reducing pilots’ mental load.



The cockpit is the workplace where the crew can acquire information from each system and give feedback operations to ensure the flight is safe, comfortable and efficient [5]. Moreover, it is a vital system in the research and development process of civil aircraft. The design of the cockpit has a direct effect on pilot efficiency and flight safety [6]. For this reason, focusing ergonomic design to reduce the risks in human–machine interaction in the research and development of cockpit design in civil aircraft has become an urgent problem.



In general, the existing research areas in cockpit ergonomic design primarily fall into spatial layout optimization, display and operation control design, human–machine system modeling, pilot workload evaluation and human–machine interaction risk evaluation [7]. The major aim of this paper is to propose a method to evaluate the quality of the cockpit layout. This paper provides a reference for the design of cockpit layout optimization, which pertains to the study of layout optimization methods. In the following, the research status on cockpit layout optimization is described.



The design of layout optimization is a vital step in the overall product scheme design. Layout design can be divided into two categories: layout without performance constraints and layout with performance constraints. To be specific, layout without performance constraints aims to improve space utilization while requiring no interference between objects, while layout with performance constraints must take into account certain constraints (e.g., the effects of the aircraft layout on maneuverability, stability, electromagnetic field and other constraints) [8]. There have been extensive studies on layout design methods, most of which include layout design methods based on heuristic algorithms, graph theory-based methods and human–machine combination algorithms.



For heuristic algorithms, Beasley [9] proposed a dynamic programming-based heuristic algorithm capable of solving the unconstrained two-dimensional (2D) layout optimization problem. Niusong [10] used a genetic algorithm for civil aircraft cockpit layout optimization. In the study, he quantified the layout of the principles into component importance weights, and encoded layout elements with object-oriented real-coded method. On that basis, a mathematical model of cockpit layout based on matching degree was built, thus solving the optimization model with the genetic algorithm. Sadan Kulturel-Konak [11] first successfully applied particle swarm to address the layout optimization problem of irregular graphics in 2011. Since there is no mutation and crossover operation in genetic algorithm, particle swarm optimization is considered to be a more convenient option. Tsai et al. [12] used a heuristic algorithm based on the joint action of horizontal and vertical operators. Huang et al. [13] proposed a layout method using a simulated annealing algorithm for filling layout problems, which simulated the placement of objects under different “temperature” conditions, thus resulting in a significant increase in the computational efficiency.



To solve layout design in accordance with the graph theory, the objects to be laid out and their relative position relationships are generally first expressed by points and edges in the graph. Subsequently, an algorithm is adopted to determine the specific position relationships among the layout objects. Hashimshony [14] et al. built a model for generating possible alternative layout graphs in accordance with the graph theory under given programmatic requirements and constraints. Feng E [15] et al. took the layout of an artificial satellite return capsule design as an example. Based on the graph theory and the group theory, an algorithm of global optimization was presented, capable of solving layout problems in 2D. Yuan Miaolong [16] proposed a heuristic rule for sequential planning of layout solutions and the heuristics-based layout solution, which has been primarily used for solving 3D-constrained layout design.



The combined human–computer algorithm is a method integrating the abstract thinking of a human with the computational power of a computer. Weiqing He [17] et al. built a graph layout model based on constraints, in which the users can input positions for nodes and constraints over the node positions via an interface; subsequently, the computer gives a reasonable layout. Lenat, Feigenbaum [18] and Qian [19] generalized the theory of “human–machine integration” to deal with practical engineering problems.



In this paper, a method is proposed to evaluate the quality of cockpit layout following the layout design principles in accordance with the theory of human thinking set and order memory. Using statistical methods and mathematical models, the cross-linking relationship between the display and control components of each system and their importance in normal flight procedures are quantified, and a cockpit layout evaluation model is designed based on the results. The evaluation results could serve as an effective basis and data support to optimize the aircraft cockpit layout.




2. Civil Aircraft Cockpit Layout Design Principles and Related Theories


The civil aircraft cockpit is a space that integrates the control and display components of the respective complex systems in aircraft operation. The new generation aircraft incorporate numerous highly integrated display control technologies. For example, the A320 and B737 series aircraft include more than 500 control and display components. Without proper design and layout, pilots will face difficulties in quickly and accurately identifying information and making correct decisions in a given scenario. Accordingly, cockpit layout is designed in accordance with the “human-centered” design concept, and pilots’ abilities and limitations are fully considered. Pilots’ cognitive characteristics and cognitive processes are analyzed, and human–machine functions are appropriately allocated to ensure that pilots are able to acquire various information without exceeding their information-processing capacities [20,21]. After years of cockpit design and development, the following cockpit layout design principles have been generally accepted [10].



	(1)

	
Principle of importance







Operation components are arranged according to their degree of importance, with the important ones placed in the optimal viewpoint position to ensure the quality of flight operations. Accordingly, the coordination of the information acquisition and information output of the control display devices are improved, while the basic functional requirements are met. In the above process, the importance of the components determines their layout positions. The more important components should be arranged within the optimal field of vision of the relevant person, or within the optimal operating range of human hands.



	(2)

	
Use-frequency principle







The mental burden is reduced by placing the most frequently used display and control elements in locations where they can be easily sensed and operated by the pilots. The more commonly used meters and controllers are placed in sensitive locations and separated from other less commonly used instruments or controls, so the system components can be located quickly and accurately to avoid misuse. Comfortable and fast operation will reduce the physiological and psychological burden and reduce fatigue, thus increasing efficiency.



	(3)

	
Functional grouping principle







The display and control components are classified according to function and use, and those with similar functions are placed together for easy identification and operation. For example, the controls for dealing with engine fires, such as the APU’s fire alarm button and the extinguishing agent button, are best arranged adjacent to each other, so that when encountering APU fire, the pilot can quickly find all the controls to address the fire. In the design of the system, the functional division should be arranged to increase work efficiency. Thus, in human–machine design, the first step is to distinguish the functional characteristics of the design object. This can facilitate the coordinated design and location of components with similar functions, thus increasing the efficiency and accuracy of operation and the safety of system operation.



	(4)

	
operation sequence principle







To complete a certain operation easily and quickly, the relevant components must be observed and operated in a certain order. Consequently, the components should be arranged in the order of use. For example, after adjusting the Mach number with the speed knob, the pilot will observe the speed change on the real-time flight speed display. Therefore, the speed knob and the speed display are best arranged together to facilitate the pilot’s operation. The general operation order is sequential, going from left to right and from top to bottom, with the directional and positional arrangement of components facilitating the activity, which is of great significance to the operation as a whole. Cockpit components are sometimes operated in line with a fixed process, which enables the pilot to be mentally prepared and prevents any difficulty in finding the next object by providing a simple component layout. It is noteworthy that interrelated components can reduce incorrect operation in emergency situations.



In other words, the problem of evaluating the cockpit layout of an aircraft can be translated into the question of how well the layout of the aircraft conforms to the above four design principles. Accordingly, the cockpit layout evaluation method studied in this paper was based on the above four principles, and a basic evaluation model in the form of Equation (1) was built.


  C =   ∑   i = 0  4   φ i   C i     



(1)







   C i    is the degree of compliance of the cockpit layout with the design principles. The calculation of each    C i    is the core of this paper, and is described in detail in the next section.    φ i    denotes the weight coefficient of the ith design principle, determined by a decision analysis method commonly used in recent years—the analytic hierarchy process (AHP). AHP is a hierarchical weighting decision-analysis method proposed by Saaty in the early 1970s, and extensively used in various fields for its convenience and simplicity, good systematicity, and combination of qualitative and quantitative evaluation [22,23,24]. The application method is outlined in the following.



First, it was necessary to interview a certain number of relevant professionals, inviting them to compare the respective importance of two factors and accord them each a rating in the range of 1–10. A higher value accorded to one factor implied that it was more important than the other, and the evaluation score between all the elements constituted the evaluation judgment matrix A. Subsequently, the weight coefficient of each element was obtained according to the following steps.



For the given judgment matrix A, take any initial vector    W 0  =    (   w 1 0  ,  w 2 0  , ⋯  w n 0   )   T   ^T, where    w i 0  ∈  [  0 , 1  ]   , and     max  {   w i 0   }  = 1  .



The following equation was implemented for k-1st iterations to find the k-1st approximation    λ  k − 1     of the first eigenvalue    λ 1    of A and the k-1st regularized approximation    W  k − 1   =    (   w 1  k − 1   ,  w 2  k − 1   , ⋯  w n  k − 1    )   T  ,   of the regularized eigenvector W corresponding to    λ 1   , such that    W k    *  =   A    W  k − 1   ,    W k  =  W k    *  /  w  m a x  k    *   , which proves that     lim   k → ∞    W k  =  W ˜    ˜, where   W ˜   is the actual weight vector.



The accuracy requirement   ε > 0   is given beforehand, and when   m a x  |   w i k  −  w i  k − 1    |  < ε  ,    W k  =    (   w 1 k  ,  w 2 k  , ⋯  w n k   )   T    is yielded as the calculation result, otherwise turn to (2). However, the final calculation results are not necessarily certain to meet the actual situation, since human judgment may consider   A > B ,   B > C ,   C > A   in this contradictory situation. Thus, the consistency test of the judgment matrix is required, and the test formula is written below.


  C I =    λ 1  − n   n − 1      (  n > 1  )     



(2)






  C R =   C I   R I      



(3)




where:



CI——Consistency index;



RI——Random consistency index;



CR——Consistency ratio;



CR denotes the consistency ratio, the smaller CR implies the better consistency of the evaluation and RI is the random consistency index, obtained from the Table 1. When the determined CR < 0.1, the judgment matrix is considered to meet the consistency requirement.




3. Evaluation Method for Cockpit Layout of Civil Aircraft


The civil aircraft cockpit layout evaluation method falls into four parts in accordance with four cockpit design principles. The first principle is the importance principle, requiring designers to place vital information and control components in the optimal display and control areas in the cockpit. The first part of the evaluation model is formulated based on the above principle.



Existing ergonomics researchers have proposed the concepts of optimal reachable domain and optimal visible domain. They have analyzed and determined the control positions of the human body for the optimal reachable and visible domains, on the basis of statistical static and dynamic posture data. In accordance with findings in studies such as [8], the best and general visible domain of a person is shown in Figure 1, and the best and general reachable domain of a person is shown in Figure 2.



As depicted in the above figure, the optimal visible domain of human body is a cone space with an apex angle of 30° right in front of the eyes, and the optimal reachable domain of hands is a small area under the horizontal elbow posture of the arms. In the cockpit, the pilot sits in a normal position. His optimal visible domain is in front of the windshield and the monitor or instrument directly below windshield. The optimal reachable domain of his hands is in the front half of the central console. Accordingly, the importance layout principle was evaluated using statistics in terms of whether important information and controls were laid out in the optimal visible domain and reachable domain, which is expressed below:


   C 1  = 0.5    K  e 1      K  a l l 1     + 0.5    I  e 1      I  a l l 1        



(4)




where    K  a l l 1     is the total number of important controls in the cockpit;    K  e 1     is the number of important controls that are laid out in the optimal reachable domain of the pilot in this airplane;    I  a l l 1     denotes the total amount of important information in the cockpit;    I  e 1     is the amount of important information that are arranged in the optimal visible domain of the pilot in this airplane.



In general, the critical information and controls are the most influential aircraft flight safety information and controls, so important controls and information generally pertain to the aircraft control system and power system. Thus, the evaluation of the importance layout principle refers to counting the number of display controls of the control system and power system in the optimal visible domain and reachable domain.



The second part of the cockpit layout evaluation method was developed in terms of the principle of frequency of use, which requires that the frequently used display controls in the cockpit be placed in a position easily accessible to the pilot. As depicted in Figure 1 and Figure 2, the normal range of the human static visible domain is a cone space with an apex angle of 40° directly in front of the eyes, and the normal reachable domain range of hands is the space that the elbow can sweep. In the cockpit of a civil aircraft, the static visible domain from the normal sitting position of the pilot consists of the windshield, the display or instrument panel on both sides and below the windshield; the normal two-handed reachable domain should include the front part of the central control console, the instrument panel and the shutter. Accordingly, the use-frequency principle can be evaluated based on the statistics regarding whether the high-frequency display controls are laid out in the general visible domain and reachable domain, determined as written below:


   C 2  =  1 n    ∑   i = 1  n     L i *     L i       



(5)




where n is the number of subsystems frequently used in the normal flight process of the aircraft;    L i    is the number of controls of the subsystem i-th of the aircraft in the cockpit;    L i *    denotes the number of controls of the i-th subsystem control in the cockpit that are laid out in the general visible or reachable domain.



In the model of this paper, to obtain high-frequency subsystem controls, the use number of the display control of each system in the cockpit during the entire process from normal takeoff to landing was firstly counted. Then, according to the amount of time from high to the final sort, the first 20% was taken for high-frequency display controls. Lastly, according to Equation (3), the compliance coefficient of frequency principle for cockpit layout was determined.



The third part of the cockpit layout evaluation method was designed to address the functional grouping principle. To be specific, controls with similar functions should be placed together to facilitate the associative memory of the pilot, so that only controls belonging to the same system can have similar functions in the aircraft. Thus, the functional grouping principle can be reflected by examining the layout concentrations of various systems in the cockpit controls of civil aircraft, as expressed below:


   C 3  =  1 n    ∑   i = 1  n   F i  =  1 n    ∑   i = 1  n     M i *     M i       



(6)




where n is the number of subsystems of all controls in the cockpit;    F i    is the control distribution concentration of i subsystem;    M i    is the total number of all controls of i subsystem; and    M i *    is the maximum number of controls for i-th subsystem distributed on the same panel.



The fourth part of the cockpit layout evaluation method targeted the principle of sequence of operations. The principle of operation sequence requires that controls with a certain operation sequence in the normal operation process be placed next to each other, so that pilots can efficiently locate the next control to be operated after performing an operation. The above principle requires that the more interrelated the controls are in the operational flow, the closer they are to each other in the cockpit layout. Accordingly, a concept of task adjacency coefficient between system controls was first proposed in this paper, as expressed in Equation (5). The compliance of the cockpit layout with this principle was evaluated by comparing the mission adjacency coefficient between each control in the cockpit and the proximity of the control position in the actual layout.


   S  i , j   =    X  i , j     min  {   X i  ,  X j   }       



(7)




where    S  i , j     is the task proximity coefficient of the control components of system i and the control components of system j;    X i    denotes the frequency of the control components of system i being operated or viewed in a normal takeoff and landing process of the civil aircraft; and    X  i , j     is the frequency of the control components of system i and the control components of system j controlled successively during the normal operation. The evaluation method for cockpit layout based on the operation sequence principle is written as:


   C 4  =    N a     N h       



(8)




where    N h    is the number of the higher task neighbor ratio among all controls of the subsystem of this aircraft type, with the threshold value of 0.5.    N a    denotes the number of adjacent layouts in the actual layout of the two subsystems with high task adjacency coefficient.



Besides the design of the evaluation calculation method for the four layout principles, the completion of the cockpit layout evaluation work should also be given a weight coefficient based on the importance of each principle. In this paper, pilots of different aircraft types were asked to rank the importance of four principles of cockpit layout according to their work experience. In this paper, analytic hierarchy process (AHP) was used to obtain the following judgment matrix through the statistics of ranking results. Weight judgment matrix of the four principles of cockpit layout is shown in Table 2.



In accordance with the method in Section 2, the weight coefficients of four principles were determined, that is,   w =  [  0.24 , 0.28 , 0.29 , 0.19  ]   , consistency ratio   C R = 0.0057   (significantly less than 0.1). The above coefficients indicate that the judgment matrix passed the consistency test and the determined results were valid. Thus, the final evaluation model of cockpit layout is:


  C = 0.24  C 1  + 0.28  C 2  + 0.29  C 3  + 0.19  C 4     



(9)







The evaluation value of each principle in the formula can be substituted into the above calculation formula according to the actual cockpit layout, and the final evaluation result of a cockpit layout can be obtained by calculating the weights.




4. A Case Study of Cockpit Layout Evaluations for A320 and B737NG


To verify the effectiveness of the cockpit layout evaluation model proposed in this paper, the application of the evaluation method is presented in the following based on the evaluation of the cockpit layout of two typical passenger aircrafts of Boeing and Airbus. The evaluation results were compared and analyzed to verify the effectiveness of the proposed cockpit layout evaluation model.



The Boeing A320 series aircraft has been considered one of the best-selling series of civil aircraft. Its cockpit has been generally recognized by pilots for its intelligent, comfortable design and high level of commonality. Its cockpit layout is evaluated below. The A320 series aircraft consists of 38 subsystems based on the ATA chapter. The subsystems with display or control components distributed in the cockpit, as numbered by the ATA system, consist of 21. air conditioning, 22. automatic flight, 23. communication, 24. electrical, 25. equipment/decor, 26. fire alarm, 27. flight control, 28. fuel, 29. hydraulic, 30. anti-icing/rain, 31. indication system, 32. landing gear, 33. lights, 34. navigation, 35. oxygen, 36. air source, 49. APU and 70. power system. Each subsystem has multiple display or control components. To facilitate statistics and analysis, the following evaluations are based on the above 18 subsystems. Figure 3 illustrates the optimal and general visible domain and the optimal and general motion reachable domain of A320 series aircraft’s cockpit based on the area division of ergonomics. The red range is the optimal visible domain, the yellow range is the general visible domain, the orange range shows the optimal reachable domain, and the blue range is the general reachable domain.



For the A320, the critical subsystems affecting flight safety include the flight control system and the power system. Its flight control system involves 11 control components with different functions in the cockpit, with seven control components located in the center console and the side console, three located in the top panel, and one located in the visor. The vital display information of the flight control system is all located on the EFIS and ECAM interfaces. The powertrain has six control components, with five located on the center console and one located on the top panel. The key display information of the power system is located in the ECAM interface. In accordance with the division of the optimal visible domain and the optimal reachable domain, the evaluation score for the importance principle is written as:


   C 1  =  1 4  ∗  (   7  11   +  5 6  + 1 + 1  )  ≈ 0.87  



(10)







In accordance with the FCOM manual of A320, we listed the actions that should be operated or checked in sequence, from flight preparation to crew disembarkation, in A320 series aircraft. Subsequently, the frequency of operation or checking of each subsystem control was calculated, and the results are listed in Table 3.



As depicted in the above table, the subsystems with operation frequency in the top 20% included 22. automatic flight, 27. flight control, 31. indication system and 34. navigation system. As suggested by the statistics, there were 19 control components in the automatic flight subsystem, all of which were distributed in the general reachable domain. The key information displayed on the ECAM, EFIS and MCDU interfaces were all in the general visible domain. There were 11 control components in the flight control subsystem, and 10 were in the general reachable domain. Its key display information was distributed in ECAM, EFIS, pertaining to the general visible domain. The indicating system consisted of 14 control components, distributed on the visor and the central instrument panel and within to the general reachable domain. Furthermore, its information was displayed on the ECAM and EFIS interfaces and the central instrument panel, all within the general visible domain. The navigation subsystem covered 24 control components, 19 of which were in the general reachable domain, and the key display information on the EFIS and the central instrument panel was within the general visible domain. Accordingly, the evaluation score for use of the frequency principle is written as:


   C 2  =  1 4   (  1 +   10   11   + 1 +   19   24    )  ≈ 0.93  



(11)







A320 has 18 subsystems with controls distributed in the cockpit. According to Equation (6), the distribution concentration of the control components of each subsystem was statistically determined, and the results are listed in Table 4.



According to Equation (6), the evaluation score for the functional grouping principle is expressed as:


   C 3  =  1 n    ∑   i = 1  n     M i *     M i    ≈ 0.69    (  12  )   



(12)







As indicated by the FCOM manual of A320, the aircraft has nearly 350 operations from the cockpit preparation stage to crew disembarkation. In general, while it does not stipulate a required order for the checking of system controls at the stage of cockpit preparation, the airline company recommends that pilots should complete the flight tasks in strict compliance with the operation sequence of the manual at all stages. Table 5 lists the task-correlation coefficient between each system control determined by Equation (8) based on the control sequence composed of the task flow from taxiing to stopping operation in the FCOM manual.



As depicted in the above table, there were 14 pairs of subsystem controls with a task-correlation coefficient higher than or equal to 0.5, which revealed that the controls of the above systems followed a certain order of operations. As indicated by the actual layout of each system control in the A320 cockpit, 9 pairs of subsystem controls with high task-correlation coefficients were arranged adjacent to each other in the cockpit. Thus, the evaluation score for the operation process principle is expressed as:


   C 4  =  9  14   ≈ 0.64    



(13)







Lastly, according to Equation (9), the weighted summation of the evaluation scores of the four layout principles was obtained to calculate the final A320 cockpit layout evaluation result:


  C =   ∑   i = 0  4   φ i   C i  ≈ 0.79    



(14)







Another evaluation case was Boeing’s 737 series, i.e., the largest competitor of the A320 series; the two occupy over half of the global mainline passenger aircraft market. The following is an evaluation of the conformity of the cockpit layout of the B737NG series aircraft with the four design principles.



Based on the area division of ergonomics, Figure 4 illustrates the optimal and general visible domain and the optimal and general motion reachable domain of B737NG series aircraft’s the cockpit. The red range is the optimal visible domain, the yellow range is the general visible domain, the orange range is the optimal reachable domain and the blue range is the general reachable domain.



The critical subsystems of B737NG are also the flight control system and power system. Its flight control system has 19 controls with different functions, 13 controls on the central console and 6 controls on the front and rear top panels, along with 10 information displays on the top panel and 19 information displays on the console. The power system has 10 controls, including 8 controls on the center console and 2 controls on the front top panel, and vital information is displayed on the upper and lower display assemblies. Based on the division of the optimal view field and the optimal reachable field, the evaluation score for the importance principle is:


   C 1  =  1 4   (    13   19   +   19   29   +  8  10   + 1  )  ≈ 0.78    



(15)







In accordance with the FCOM manual of B737NG, we devised a list of actions that should be operated or checked in sequence from flight preparation to crew disembarkation of B737NG series aircraft. Subsequently, the operation or checking frequency of each subsystem control was counted, and the results are listed in Table 6.



As depicted in the above table, the subsystems with operation frequency in the top 20% included 22. automatic flight, 27. flight control, 31. indication system and 34. power system. The automatic flight system consisted of 24 controls on the visor, 3 controls on the center console, 15 displays on the PFD and center instrument panel and 6 displays on the visor. There were 13 controls for the flight control subsystem located on the central console, 6 controls located on the front and rear top panels, 10 displays located on the top panel and 19 displays on the central console. The 23 controls of the indicating system were on the instrument panel, two controls were located on the top panel, and the indication information was located on the instrument panel. The power system covered 10 operating controls, of which eight were located on the center console and two were on the front top panel. Moreover, the key information was displayed on the instrument panel. Accordingly, the evaluation score for use of the frequency principle is expressed as:


   C 2  =  1 4   (    42   48   +   28   48   +   23   25   +  8  10    )  ≈ 0.79  



(16)







According to Equation (6), the control distribution concentration of each subsystem of B737NG was statistically determined, and the results are listed in Table 7.



According to Equation (6), the evaluation score for the functional grouping principle is determined as:


   C 3  =  1 n    ∑   i = 1  n     M i *     M i    ≈ 0.75  



(17)







Based on the FCOM manual of B737NG, the control sequence consisting of the task flow from taxiing to stopping operation was counted, and the task-correlation coefficient between each system control was determined by Equation (8). The results are listed in Table 8.



As depicted in the above table, there were 13 pairs of subsystem controls with a task-correlation coefficient higher than or equal to 0.5, thus implying that the controls of the above systems followed a certain order of operation. As indicated by the actual layout of each system control in the B737NG cockpit, eight pairs of subsystem controls with high task-correlation coefficients were arranged adjacent to each other in the cockpit. On that basis, the evaluation score for the operation process principle is written as:


   C 4  =  8  13   ≈ 0.62  



(18)







Lastly, according to Equation (9), the weighted summation of the evaluation scores of the four layout principles was obtained to calculate the final B737NG cockpit layout evaluation result:


  C =   ∑   i = 0  4   φ i   C i  ≈ 0.74    



(19)







As depicted in Figure 5, the cockpits of the A320 and B737NG series scored higher on the design principles of importance and frequency of use than on the principles of functional grouping and sequence of operations, which reveals that manufacturers pay more attention to the former. The cockpit of the A320 series achieves a score of higher than 0.85 in the design principles of importance and frequency of use, significantly better than that of the B737NG series. The cockpit of the B737NG series outperforms the A320 series in the design of functional groupings. This shows that the cockpits of the two civil aircraft have different emphases in the ergonomic design concept. As revealed by the results, the layout of the cockpit of the A320 and B737NG has been designed with the above four design principles in mind, but different emphases result in differences in the scores of each design principle. However, from the overall evaluation results, the layout of the A320 series cockpit outperforms that of the B737NG series, and the ergonomic design is considered to be more comprehensive.




5. Conclusions


This paper follows the four design principles of importance, frequency of use, function grouping and operation sequence in relation to the cockpit layout design of the civil aircraft. The operational sequence of the system controls of the cockpit was the evaluation data source, and the compliance of the cockpit of the aircraft type to the four design principles was determined. Lastly, the total evaluation value of the cockpit layout was obtained after weighted accumulation by the AHP method. In the above work, we obtained the following conclusions:




	(1)

	
The four design principles of civil aircraft cockpit layout are capable of effectively reducing the mental burden of pilots, which is of great significance to flight safety.




	(2)

	
The cockpit layout evaluation model built in this paper can quantify the conformity of the cockpit layout of an aircraft to the four design principles, and the evaluation results can provide a valuable reference for designers and decision makers with regard to aircraft cockpit layout.




	(3)

	
The quantitative method of evaluating the cockpit layout of civil aircraft in this paper can provide objective data for cockpit layout evaluation, which can provide new constraint conditions and optimization ideas for layout optimization.




	(4)

	
The limitation of the method in this paper is that it only covers the evaluation of four main layout principles. In fact, the cockpit layout of the aircraft must also involve other principles, such as operating comfort and anti-interference. In the future, these design principles can be evaluated by combining human data and aircraft cockpit data to expand the coverage of the evaluation model and make the evaluation results more comprehensive.
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Figure 1. Horizontal and vertical visible domains of the human body. 
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Figure 2. The reachable domain of human sitting posture. 
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Figure 3. Area division of the A320 cockpit. 
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Figure 4. Area division of the B737NG cockpit. 
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Figure 5. Comparison of cockpit layout evaluation results between A320 and B737NG series. 
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Table 1. Summary table of RI values of n-order judgment matrix.
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	Matrix Order
	3
	4
	5
	6
	7
	8
	9



	RI
	0.52
	0.89
	1.12
	1.26
	1.36
	1.41
	1.46



	Matrix order
	10
	11
	12
	13
	14
	15
	



	RI
	1.49
	1.52
	1.54
	1.56
	1.58
	1.59
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Table 2. Weight judgment matrix of the four principles of cockpit layout.
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	Important Degree
	Use Frequency
	Functional Groups
	Operating Sequence





	Important degree
	1.00
	0.80
	0.80
	1.50



	Use frequency
	1.25
	1.00
	1.00
	1.25



	Functional groups
	1.25
	1.00
	1.00
	1.50



	Operating sequence
	0.67
	0.80
	0.67
	1.00
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Table 3. Operation frequency of control components for each subsystem of the A320 series during flight.
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	Subsystem
	Frequency
	Subsystem
	Frequency





	21. Air conditioning
	11
	30. Anti-icing/rain
	12



	22. Automatic flight
	61
	31. Indication system
	70



	23. Communication
	31
	32. Landing gear
	5



	24. Electrical
	11
	33. Lights
	15



	25. Equipment/decor
	33
	34. Navigation
	41



	26. Fire alarm
	8
	35. Oxygen
	6



	27. Flight control
	57
	36. Air source
	3



	28. Fuel
	7
	49.APU
	6



	29. Hydraulic
	2
	70. Power
	15
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Table 4. Distribution concentration of controls of each subsystem of A320.






Table 4. Distribution concentration of controls of each subsystem of A320.





	Subsystem
	Concentration
	Subsystem
	Concentration





	21. Air conditioning
	1
	30. Anti-icing/rain
	0.75



	22. Automatic flight
	0.67
	31. Indication system
	0.64



	23. Communication
	0.45
	32. Landing gear
	0.71



	24. Electrical
	0.88
	33. Lights
	0.45



	25. Equipment/decor
	0.23
	34. Navigation
	0.56



	26. Fire alarm
	0.76
	35. Oxygen
	0.75



	27. Flight control
	0.6
	36. Air source
	1



	28. Fuel
	0.75
	49.APU
	0.66



	29. Hydraulic
	0.71
	70. Power
	0.86
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Table 5. Task-correlation coefficients among a range of system controls of A320.
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	System Number
	20
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	49
	70





	20
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.00



	22
	0.00
	0.00
	0.33
	0.00
	0.22
	0.00
	0.33
	0.00
	0.00
	0.13
	0.44
	0.33
	0.11
	0.11
	0.00
	0.00
	0.00
	0.00



	23
	0.00
	0.33
	0.00
	0.50
	0.25
	0.00
	0.08
	0.00
	0.00
	0.25
	0.17
	1.00
	0.11
	0.08
	0.50
	0.00
	0.00
	0.33



	24
	0.00
	0.00
	0.50
	0.00
	0.75
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.25
	0.00
	0.00
	0.00
	0.25
	0.00



	25
	0.00
	0.22
	0.25
	0.75
	0.00
	1.00
	0.25
	0.00
	0.00
	0.25
	0.33
	0.00
	0.00
	0.08
	0.00
	0.00
	0.25
	0.00



	26
	0.00
	0.00
	0.00
	0.00
	1.00
	0.00
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	27
	0.00
	0.33
	0.08
	0.00
	0.25
	1.00
	0.00
	0.60
	0.00
	0.25
	0.37
	0.33
	0.33
	0.25
	0.50
	0.00
	0.25
	0.17



	28
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.60
	0.00
	1.00
	0.00
	0.40
	0.00
	0.20
	0.20
	0.00
	0.00
	0.00
	0.00



	29
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.00
	0.50
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	30
	0.00
	0.13
	0.25
	0.00
	0.25
	0.00
	0.25
	0.00
	0.50
	0.00
	0.13
	0.33
	0.00
	0.25
	0.00
	0.67
	0.50
	0.00



	31
	1.00
	0.44
	0.17
	0.00
	0.33
	0.00
	0.37
	0.40
	0.50
	0.13
	0.00
	0.00
	0.33
	0.33
	0.00
	0.00
	0.00
	0.17



	32
	0.00
	0.33
	1.00
	0.00
	0.00
	0.00
	0.33
	0.00
	0.00
	0.33
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	33
	0.00
	0.11
	0.11
	0.25
	0.00
	0.00
	0.33
	0.20
	0.00
	0.00
	0.33
	0.00
	0.00
	0.33
	0.00
	0.33
	0.00
	0.17



	34
	0.50
	0.11
	0.08
	0.00
	0.08
	0.00
	0.25
	0.20
	0.00
	0.25
	0.33
	0.00
	0.33
	0.00
	1.00
	0.00
	0.25
	0.50



	35
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.00
	0.00
	0.00
	0.00



	36
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.67
	0.00
	0.00
	0.33
	0.00
	0.00
	0.00
	0.33
	0.67



	49
	0.00
	0.00
	0.00
	0.25
	0.25
	0.00
	0.25
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.25
	0.00
	0.33
	0.00
	0.25



	70
	0.00
	0.00
	0.33
	0.00
	0.00
	0.00
	0.17
	0.00
	0.00
	0.00
	0.17
	0.00
	0.17
	0.50
	0.00
	0.67
	0.25
	0.00
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Table 6. Operation frequency of control components of subsystem of B737NG series during flight.
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	Subsystem
	Frequency
	Subsystem
	Frequency





	21. Air conditioning
	10
	30. Anti-icing/rain
	14



	22. Automatic flight
	27
	31. Indication system
	32



	23. Communication
	19
	32. Landing gear
	22



	24. Electrical
	10
	33. Lights
	28



	25. Equipment/decor
	10
	34. Navigation
	13



	26. Fire alarm
	8
	35. Oxygen
	6



	27. Flight control
	30
	36. Air source
	5



	28. Fuel
	8
	49.APU
	3



	29. Hydraulic
	8
	70. Power
	32
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Table 7. Distribution concentration of the controls of each subsystem of B737NG.
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	Subsystem
	Concentration
	Subsystem
	Concentration





	21. Air conditioning
	1
	30. Anti-icing/rain
	0.83



	22. Automatic flight
	0.63
	31. Indication system
	1



	23. Communication
	0.64
	32. Landing gear
	0.84



	24. Electrical
	0.79
	33. Lights
	0.64



	25. Equipment/decor
	0.24
	34. Navigation
	0.54



	26. Fire alarm
	0.96
	35. Oxygen
	0.33



	27. Flight control
	0.61
	36. Air source
	1



	28. Fuel
	1
	49.APU
	1



	29. Hydraulic
	0.69
	70. Power
	0.8
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Table 8. Task-correlation coefficients among different system controls of B737NG.
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	System Number
	20
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	49
	70





	20
	0.00
	0.00
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	22
	0.00
	0.00
	0.14
	0.00
	0.00
	0.00
	0.38
	0.33
	0.00
	0.00
	0.40
	0.25
	0.33
	0.00
	0.00
	0.00
	0.00
	0.43



	23
	1.00
	0.14
	0.00
	0.00
	0.50
	0.00
	0.14
	0.33
	0.00
	0.00
	0.60
	0.29
	0.17
	0.33
	0.00
	0.00
	0.00
	0.00



	24
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.50
	0.00
	0.25
	0.00
	0.25
	0.00
	0.00
	0.00
	0.00
	0.00
	0.17



	25
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.60
	0.00
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.50
	0.00



	26
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	27
	0.00
	0.38
	0.14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.38
	0.00
	0.33
	0.00
	0.00
	0.25
	0.29



	28
	0.00
	0.33
	0.33
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.67
	0.00
	0.00
	0.00
	0.00
	0.00



	29
	0.00
	0.00
	0.00
	0.00
	0.60
	0.00
	0.00
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.50



	30
	1.00
	0.00
	0.00
	0.25
	0.00
	0.00
	0.00
	0.00
	0.50
	0.00
	0.00
	0.00
	0.33
	0.00
	0.00
	0.00
	0.50
	0.00



	31
	0.00
	0.40
	0.60
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.20
	0.20
	0.00
	0.00
	0.00
	0.00
	0.20



	32
	0.00
	0.25
	0.29
	0.25
	0.00
	0.00
	0.38
	0.00
	0.00
	0.00
	0.20
	0.00
	0.00
	0.67
	0.00
	0.00
	0.25
	0.29



	33
	0.00
	0.33
	0.17
	0.00
	0.50
	0.00
	0.00
	0.67
	0.00
	0.67
	0.20
	0.00
	0.00
	0.33
	0.00
	1.00
	0.00
	0.17



	34
	0.00
	0.00
	0.33
	0.00
	0.00
	0.00
	0.33
	0.00
	0.00
	0.00
	0.00
	0.67
	0.33
	0.00
	0.00
	0.00
	0.00
	0.33



	35
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	36
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00



	49
	0.00
	0.00
	0.00
	0.00
	0.50
	0.00
	0.25
	0.00
	0.00
	0.50
	0.00
	0.25
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	70
	0.00
	0.43
	0.00
	0.17
	0.00
	0.00
	0.29
	0.00
	0.50
	0.00
	0.20
	0.29
	0.17
	0.33
	0.00
	0.00
	0.00
	0.00
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