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Anthropometric analysis plays an important role in the development of human 'habitability' in aerospace vehicles, long-duration spaceflight and surface missions to Mars and beyond. The design of the physical workspace in aerospace vehicles has constraints imposed by minimizing mass, volume and the limited interior dimensions of the cockpit and the range of possible spatial movements allowed by human physiology. The interior design requires the optimal placement of actuators with appropriate interface geometry for grip accessibility that is limited by human anatomical dimensions, including operator height, posture and arm reach. The nature and variability of flight crew introduces uncertainties that constrain the layout of the human-machine interface and the desired minimization of workspace volume. This paper describes computational issues in using anthropometric data, including statistical variability, but also raises many epistemic uncertainties that can affect the design of a workspace for aerospace systems. Epistemic uncertainties are reflected in human demographic origins, physical layout of the human-machine interface, unknown biophysical factors and measurement error in body dimensions. Analysis and discussion are provided on context, methodology, uncertainty assessment, and interpretation. For completeness, the issue of human biomechanics is introduced to complement statistical interpretations of human factors and to provide a possible future path of research based on dynamic simulation to support orthodox stationary methods.

Introduction

Context and Scope

Anthropometric analysis supports development of systems required for aerospace vehicles and manned spaceflight for interplanetary colonization. The interpretation of anthropometric data is required for optimization of the mass, shape and volume of the cockpit layout and living quarters. Anthropometric analysis can be used to improve indoor habitability and is used in the development of life support infrastructure in combination with bio-regenerative food systems, controlled-environment food production, renewable energy, recycled water, controlled temperature, humidity, CO2 levels, and biosecurity against cross-contamination by invasive species [START_REF] Benke | Future food-production systems: vertical farming and controlledenvironment agriculture[END_REF][START_REF] Benke | Development of Extraterrestrial Food Production Systems: An Application of Mechatronics and the Internet of Things[END_REF][START_REF] O'leary | Towards controlled-environment agriculture on planet Mars: why it is necessary and how it is possible[END_REF][START_REF] Benke | Risk assessment models for invasive species: uncertainty in rankings from multi-criteria analysis[END_REF]. In future, anthropometric considerations will also have a role to play in providing insights for future NASA Artemis missions, together with the design of the human workspace in a future land base on Mars, as well as for vehicles for surface transportation and exploration [START_REF] Raymer | The Raymer Manned Mars Airplane: A Conceptual Design and Feasibility Study[END_REF].

Examples of spacecraft concepts proposed for flights over the Martian landscape include designs based on large flying wings suitable for low-density atmospheres, such as the Raymer Manned Mars Plane [START_REF] Raymer | The Raymer Manned Mars Airplane: A Conceptual Design and Feasibility Study[END_REF] and adaptations of the Ho 229 stealth craft [START_REF] Horten | Nurflügel (German language)[END_REF]. The proposed Raymer design features a cabin size suitable for a two-man crew with joystick or touchpad controller for executing take-off and landing, acceleration, climbing and turning manoeuvres. A wide field-of-view is needed with a forward-looking windshield that is hemispherical if possible. It is proposed to use wing propellers for forward flight with electric engines, and rocket motors for vertical take-off and landing.

In the past, ergonomic principles have been used to develop user-friendly interfaces at the computer console for human-in-the-loop systems. The rapidly growing discipline of human-computer interaction (HCI) in aerospace vehicles has benefited from inputs from ergonomics, cognitive psychology, systems engineering, software engineering, anthropology and artificial intelligence [START_REF] Neerincx | Harmonising Tasks to Human Knowledge and Capacities[END_REF]. Applications of HCI span a diverse range of disciplines including aircraft and spacecraft design, flight simulators, and semi-autonomous human-machine deployments in manufacturing industries. A key objective is to design a human-machine interface in a limited workplace volume in such a way that human task performance is optimized subject to the physical constraints of human anatomy.

The term 'anthropometry' relates to the measurement of human body attributes and dimensions, such as height, posture or arm reach (Figure 1). It involves measurement of physical properties, including size and shape of movable body parts and the assessment of their interactions at the humanmachine interface. Anthropometrics can be used to support aircraft ergonomics, optimization of cockpit geometry, pilot posture, hand reach to actuators, viewing position, windscreen size and distance, visual display placement, operator comfort and deployment of safety systems.

Figure 1. Examples of body dimensions for flight personnel in the cockpit (see Section 3.1.1). Shown also is a conceptual design for an aerospace vehicle for use on Mars, inspired by the Raymer Manned Mars Plane [START_REF] Raymer | The Raymer Manned Mars Airplane: A Conceptual Design and Feasibility Study[END_REF] and the Ho 229 flying wing [START_REF] Horten | Nurflügel (German language)[END_REF]. Recommended features include exceptionally large wing-area and engines for vertical take-off and landing as well as for horizontal flight in the Martian atmosphere.

Information on body measurements for military personnel and civilians provides data for various military and civilian applications, such as volume optimization and reduction in aerospace vehicles including space shuttles, flight simulators, workstations and vehicle cabins. Piloted aircraft are an example of the need for efficient human-machine interfaces that have applications in aerial surveillance, terrestrial mapping and the design of computer consoles. Flight simulators are used for training on a wide range of aircraft and complex heavy machinery including trains and ships. Computer modelling can be used to support designers of workplace environments to assess workload with respect to different configurations of personnel and equipment. The assessment of a system-level design by computer-generated options using anthropometric data may reduce the use of redundant and expensive workplace settings, consoles and workstations [START_REF] Mitchell | Mental Workload and ARL Workload Modeling Tools[END_REF]. The dimensions of typical human body parts are necessary inputs for optimizing the spatial design of the workplace, such as an aircraft cockpit, within the imposed constraints of a crowded operational environment. More specifically, visual field-of-view, physical reach and posture are associated with control and placement of actuators. Typical body dimensions for aircrew are shown in Figure 1, including height, chest circumference, hip width, arm reach or hand size (see also Section 3). The database can be updated incrementally with time but is subject to statistical variability and epistemic uncertainties.

The estimation of sample sizes required for typical body dimensions is subject to statistical variability and a range of epistemic uncertainties that will affect the design of the workspace and living quarters. Cognitive aspects of workplace design are not considered here although its importance is noted with respect to perception of computer displays and visual information processing, particularly inflight systems involving ground-based or airborne pilots on Earth or Mars [START_REF] Neerincx | Harmonising Tasks to Human Knowledge and Capacities[END_REF][START_REF] Farmer | Review of Workload Measurement, Analysis and Interpretation Methods, European Organisation for the Safety of Air Navigation[END_REF].

Anthropometric analysis supports optimization of the design of the shape and volume of the cockpit and workspace in aerospace vehicles and confined operator environments. The aim of the current study was to investigate issues affecting anthropometric analysis, such as statistical variability and epistemic uncertainties which have hitherto been largely neglected in the literature. A discussion is provided on context, methodology, uncertainty assessment, and interpretation.

Human Biomechanics

The human operator at the console has a range of 3-D movements limited in a confined workspace by the swept volume of foot or arm reach in relation to the available physical volume. The range and angle of movements are effectively defined by the human skeleton and its structure. Skeletal components such as joints and their degrees of freedom in movement play an important role in spatial optimization of workspace volume. An example is grip-strength, which has variables such as hand size and finger segment lengths -which are all inputs required for the design process for manipulators, knobs, buttons and joysticks [START_REF] Holler | Utilizing Capability Data to Increase Design Universality[END_REF].

The anthropometric data and its association with the physical world can be demonstrated from an engineering perspective in the context of human biomechanics. For example, Ivancevic and Sharma [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF] suggested that biophysics provides further insight and a physiological basis for statistical analysis of man-in-loop systems. They described a software package called the Human Biodynamics Engine (HBE) for simulation of human biomechanics. The model was originally developed using generalized Hamiltonian mechanics and nonlinear control on Lie groups. The model had 264 active degrees of freedom, driven by 132 equivalent muscular actuators, together with two levels of neural-like control (including a 'stretch' reflex and cerebellum-like Lie derivative stabilizer and target tracker).

The muscular-skeletal underpinnings and potential complexity associated with human biomechanics and its measurement are described by Ivancevic et al [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF][START_REF] Ivancevic | Symplectic rotational geometry in human biodynamics[END_REF][START_REF] Ivancevic | Fuzzy-stochastic functor machine for general humanoid robot dynamics[END_REF], which may be summarized as follows. The HBE system is associated with a defined geometric manifold M N and neuro-muscular skeletal dynamics on the momentum phase space manifold T*M N . The generalized Hamiltonian, H0, is given as follows for the contravariant velocity equation [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF][START_REF] Ivancevic | Symplectic rotational geometry in human biodynamics[END_REF],

𝑞̇𝑖 = 𝜕𝐇 𝟎 𝜕𝑝 𝑖 + 𝑅 𝜕𝑝 𝑖 (1)
and for the covariant force equation,

𝑝i = 𝑇 𝑖 + 𝜕𝐇 𝟎 𝜕𝑝 𝑖 + 𝜕𝑅 𝜕𝑝 𝑖 (2)
where the initial joint coordinates are given by

𝒒 𝒊 (𝟎) = 𝒒 𝟎 𝒊 , 𝒑 𝒊 (𝟎) = 𝒑 𝟎 𝟎 (i = 1, …, N) (3) 
The total mechanical energy of the human motion is represented by the physical Hamiltonian function mapped onto the real number field ℜ, i.e. TM N →ℜ, as given by

𝐇 𝟎 (𝑞, 𝑝) = 1 2 𝑔 𝑖𝑗 𝑝 𝑖 𝑝 𝑗 + 𝑉(𝑞) (𝑖, 𝑗 = 1, … , 𝑁) (4) 
where 𝑔 𝑖𝑗 = 𝑔 𝑖𝑗 (𝑞, 𝑚) is the contravariant material metric tensor associated with Riemann metrics (g : TM N → ℜ ). This transform relates internal joint movements to external Cartesian coordinates [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF][START_REF] Ivancevic | Symplectic rotational geometry in human biodynamics[END_REF][START_REF] Ivancevic | Fuzzy-stochastic functor machine for general humanoid robot dynamics[END_REF].

In future, new insights may be introduced to anthropometrics by this type of biodynamics-based modelling approach [START_REF] Ivancevic | Symplectic rotational geometry in human biodynamics[END_REF][START_REF] Ivancevic | Fuzzy-stochastic functor machine for general humanoid robot dynamics[END_REF]. At present, however, such a complex theoretical approach is embryonic and still requires considerable further development but illustrates a direction for future research. The advantage is that it offers potential insights that may extend beyond static anthropometrics. Aside from biophysical modelling, a hybrid statistical approach has also been proposed by Zhang et al [START_REF] Zhang | Novel method of capturing static and dynamic anthropometric data for home design[END_REF], who described a motion analysis system designed to capture dynamic anthropometric data of movements in a time-series analysis. The method captures dynamic data for impaired mobility in humans subject to physical constraints encountered in elderly citizens.

The state of the art in anthropometrics is based on the static case of body measurements, as reflected in the past by international standards (see, for example, [START_REF] Iso | General Requirements for Establishing Anthropometric Databases[END_REF]). The current study relates to the conventional static case and investigates the significance and impact on sample size of various patterns and relationships revealed in the data, together with identification of many epistemic uncertainties.

Methods and Materials

Statistical Analysis

The development of an optimum design space inspired by anthropometric principles is a goal that can be achieved by using statistical sampling theory and analysis to address the constraints of human anatomy. The human has a physical reach defined mainly by the skeleton and its components, with girth or waistline measurement being less relevant because they are based on soft tissue. Waistline measurements, however, will affect seating design and posture. The variability of skeletal components and their degrees of freedom in movement therefore play an important role in spatial optimization of the work environment. For example, grip strength is one factor that is dependent on variables such as hand size and finger length. In this section, a brief review of statistical theory is provided, followed with sampling methods used in the study.

The typical measurement for a specified body part, such as the mean value, is useful for dimensional analysis in the workspace (noting that the designer may also seek coverage for, say, the 95% of the target population by estimation of the 95 th percentile measurement). It is assumed in the following summary that the mean value is the statistic of most interest and variation about the mean is an indication of variability. For estimation of sample size required for each body part, the null hypothesis is that the error, ε, is zero for the estimate of the sample mean of the specified body part.

The error, , is defined as the difference between the observed sample mean, 𝑥, and the true value of the population mean for that body part, , as follows:

𝜀 = 𝑥̄-𝜇 (5)
That is, the requirement is to find evidence to reject the null hypothesis, H0, in favour of the alternative hypothesis, H1, 𝐻 0 : 𝜀 = 0 [START_REF] Horten | Nurflügel (German language)[END_REF] 𝐻 1 : 𝜀 ≠ 0 [START_REF] Neerincx | Harmonising Tasks to Human Knowledge and Capacities[END_REF] If the anthropometric measurements follow a normal distribution with mean, µ, and standard deviation, σ, the probability density function is given by the well-known expression [START_REF] Walpole | Introduction to Statistics[END_REF]:

𝑓(𝑥) = 1 𝜎√2𝜋 𝑒 -1 2 ( 𝑥-𝜇 𝜎 ) 2 (8) 
The standard normal parameter, z, can then be computed as a dimension-free factor [START_REF] Abramowitz | Handbook of Mathematical Functions[END_REF], which is equivalent to normalization of the raw input data for the specified anthropometric parameter (e.g. height or arm reach):

𝜑(𝑥) = 1 √2𝜋 𝑒 1 2 𝑧 2 𝑤ℎ𝑒𝑟𝑒 𝑧 = ( 𝑥-𝜇 𝜎 ) (9) 
The so-called (1-)100% two-tail confidence interval (CI) of a population with a normal distribution of N (,  2 ) is given by: 𝑥̄-𝑧 𝛼/2 . 𝜎 √𝑛 < 𝜇 < 𝑥̄+ 𝑧 𝛼/2 . 𝜎 √𝑛 [START_REF] Holler | Utilizing Capability Data to Increase Design Universality[END_REF] where 𝑧 𝛼/2 is the critical value at the right tail of the standard normal distribution,  is the population standard deviation and n is sample size [START_REF] Freund | Mathematical Statistics[END_REF].

If 𝑥̄ is the estimate of , then one can be (1-)100% confident that the error, ε, will be bounded, as shown in Eqn [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF]. Solving this bound for n results in the following standard expression for the sample size, n, necessary to produce results consistent with the specified confidence and margin of error:

𝜀 < |𝑧 𝛼/2 . 𝜎 √𝑛 | → 𝑛 = [𝑧 𝛼/2 . 𝜎 𝜀 ] 2 (11) 
In practice, this expression requires the specification of standard deviation, σ, usually estimated from a small sample of data, denoted as s, together with the pre-defined acceptable error,  , between the mean of the sample and the population mean.

When the Type II error (or false alarm rate β) is important, as occurs in clinical trials, the statistical power or sensitivity, (1 -β), is also factored into calculations and sample size is adjusted as follows,

𝑛 𝑎𝑑𝑗 = (𝑧 𝛼/2 +𝑧 𝛽 ) 2 𝜎 2 𝜀 2 = ( 𝑧 𝛼/2 +𝑧 𝛽 𝜃 ) 2 (12) 
where θ = ε/σ is the effect size that has been adjusted for standard deviation [START_REF] Chow | Sample Size Calculations for Clinical Trials[END_REF]. The statistical power is the probability of rejecting the null hypothesis, H0, when it is false. The Student-t statistic rather than the z-value can be used if the sample size is less than about 30, which may occur in the early stages of an experiment, prior to ongoing measurements. A numerical recipe for sample size estimation at a specified percentile is available from international standards [START_REF] Iso | General Requirements for Establishing Anthropometric Databases[END_REF] for the 95% CI at the 5 th and 95 th percentiles, as follows,

𝑁 = (1.96 × 𝐶𝑉 𝑎 ) 2 × 1.534 2 (13) 
where CV refers to the coefficient of variation (CV = σ/𝑥), and a refers to the percentage of relative accuracy desired. It differs from Eqn [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF] in that it sidesteps aleatory uncertainty relating to variability around population mean value, by treating the population variability as natural, and not an epistemic uncertainty. Sample size, N, relates to the 5 th and 95 th percentile results only. The result for sample size is therefore not directly equivalent to prediction from Eqn [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF]. Finally, the calculation for minimum sample size applies to a single body measurement only, such as arm reach, and is repeated for other body dimensions. The variability, σ, within one body dimension may differ significantly from the variability occurring in another body dimension. The minimum sample size, nmin, needed to cover all body dimensions would need to cover the body part with the largest minimum sample size. Therefore, global nmin is the maximum value of the set of minimum sample size values, n*, computed for all j body dimensions, analogous to the term maximin from decision theory:

𝑛 𝑚𝑖𝑛 = max 𝑛 * ∈ 𝐼 𝑛 * (14) 
𝑤ℎ𝑒𝑟𝑒 𝑛 * = { 𝑛 𝑗 : 𝑗 = 1, … , 𝑘} ; 𝑛 𝑗 , 𝑗, 𝑘, ∈ 𝐼 where I is defined as the set of integers. while k data sets relate to different body dimension measurements with pre-defined percentage error and confidence levels. Likewise, a similar adjustment is appropriate at the 5 th and 95 th percentile estimates of sample size, N,

𝑁 𝑚𝑖𝑛 = max 𝑁 * ∈ 𝐼 𝑁 * (15) 
𝑤ℎ𝑒𝑟𝑒 𝑁 * = { 𝑁 𝑗 : 𝑗 = 1, … , 𝑘} ; 𝑁 𝑗 , 𝑗, 𝑘, ∈ 𝐼

The analysis in this study will use Eqns ( 11) and ( 14) for sample size estimation and uncertainty analysis, for the purpose of information discovery from multiple databases.

Aside from statistical variability (known as aleatory uncertainty) there is also epistemic uncertainty to be considered, which relates to a lack of information or knowledge, which may be explored by stratification of the population into various sub-categories such as age, ethnic origin or biological sex. There is also likely to be unknown environmental factors, such as variability in physical endurance. Wherever possible, epistemic uncertainties need to be accounted for to avoid unwanted bias in sample size estimates from inhomogeneous populations.

Data Sources

The anthropometric datasets used for human factors modelling relate to measurements of human body dimensions. Typical body dimensions include height, head circumference, chest circumference, hip width, arm reach, elbow span, hand size and body weight. Anthropometric dimensions used may be discretionary or selected and ranked by subject matter experts based on prescribed design criteria [START_REF] Lee | An Anthropometric Analysis of Korean Male Helicopter Pilots for Helicopter Cockpit Design[END_REF]. Sample size is determined by statistical variability occurring in the sub-categories of body part measurements, but other forms of uncertainty may not be captured by the specified confidence interval. For example, there are issues of differences in male and female muscle composition that would affect grip strength, ethnic differences in bone structure, and very slow physiological changes over time due to improved nutrition.

Anthropometric measurements for humans follow a normal distribution and therefore orthodox parametric statistics are used in their analysis [START_REF]A: Anthropometry of US Military Personnel[END_REF][START_REF] Pearce | A Short Introduction to Epidemiology[END_REF]. The data used in the current study were derived from various international public sources used in the past for research, industrial applications and policy making [START_REF]A: Anthropometry of US Military Personnel[END_REF][START_REF] Kroemer | Fitting the Task to the Human, A Textbook of Occupational Ergonomics[END_REF][START_REF] Pearce | A Short Introduction to Epidemiology[END_REF]. These large-scale historical databases are readily available and suitable as baseline data to investigate primary statistical variability, and to explore patterns and statistical relationships amongst such variables as military or civilian personnel, age, biological sex and ethnicity.

In estimating minimum sample size for data collection, the variations in body size found amongst individuals from widely varying backgrounds may often be sparse and incomplete, especially when stratification into sub-classes is necessary for estimation of sample size and its interpretation. In this study, issues of interest included uncertainty, the comparative sample sizes needed under different stratification categories and the specific body dimensions influencing these estimates. Data from authoritative sources provide a platform for investigating uncertainty and its association with variables such as sample size, age, biological sex and ethnicity.

Results

Statistics from various anthropometric databases were analyzed to elicit relationships between sub-categories of personnel and to study aleatory and epistemic uncertainties that may affect analysis.

Sample -Flying Personnel

USAF Flying Personnel

Using data from 2420 subjects, a total of 21 representative body dimension measurements were collected (in each case, mean and standard deviation) from a high-quality US government database used for research and analysis [START_REF]A: Anthropometry of US Military Personnel[END_REF]. For each body dimension, the optimum statistical sample size was determined for two levels of confidence (95% and 99%), as described by Eqn [START_REF] Ivancevic | Complexity in human and humanoid biomechanics[END_REF], and the results shown in Table 1 and Figure 2. The minimum sample size for global coverage was determined by Eqn [START_REF] Zhang | Novel method of capturing static and dynamic anthropometric data for home design[END_REF].

Table 1: Using anthropometric data for USAF flying personnel, confidence intervals and minimum sample sizes were computed for body dimensions. Minimum global sample estimated as nmin = 273.

For a sampling error of 1% in the mean, the minimum sample size required was estimated to be nmin = 273 for the 95% level of confidence and nmin = 472 for the 99% level of confidence. In practice, the confidence interval often used by biostatisticians in medical research and epidemiology is 95% (see Pearce [START_REF] Pearce | A Short Introduction to Epidemiology[END_REF]) and the minimum sample size for this level of confidence is therefore 273.

The set of data plotted in Figure 2 reveals that a sample size of less than 100 would be sufficient to cover 18 out of 21 body measurements at the 95% level of confidence. The three prominent peaks above this otherwise relatively uniform range of samples represent shoulder length, hip width and waist circumference. Unfortunately, these three body dimensions are associated with torso bulk, which is important in restricted cockpit environments. In particular, Body Dimension 11 corresponds to waist circumference, which is soft tissue, not skeletal tissue, and therefore highly variable in the male population. Therefore, for cockpit design, the sample size necessary to cover all 21 dimensions remains nmin = 273. 

USAF Basic Trainees

Results for basic trainees in the database suggest that, as an estimate of the potential recruitment pool, using the same database as in Section 3.1.1, the sample size should be about nmin = 353 at the 95% level of confidence.

USAF Women

Following the same approach used in the last section, analysis of an approximately matched set of historical data on USAF women resulted in the following observations. For a sampling error of 1% in the mean, the minimum sample size required was estimated to be nmin = 186 for the 95% level of confidence. Shoulder width and length were the parameters showing greatest variability. The global minimum sample size corresponds to the highest peak in the plot at a 95% level of confidence and occurs at a value of n = 273. This result relates to Body Dimension 11 in this sample and corresponds to Abdominal Depth (sitting) in Table 1. Waist circumference has a high standard deviation.

Australian Flying Personnel

Assuming concurrence with the USAF Flying Personnel, due to similar multicultural ethnicity to the US population, this minimum sample size may also apply notionally as a first estimate to cover the population of Australian flying personnel. General experience indicates that anthropometric dimensions tend to show only small changes over time periods, in the order of decades, suggesting a degree of temporal stability in sample size estimates. 

Sample -Civilians

US Males and Females

In a similar manner to the analysis performed in the last section, calculations revealed a minimum sample size of 541 for US males aged 19-60 years, and 573 for US females aged 19-60 years, both for a sampling error of 1% and a 95% level of confidence (US male data is depicted in Figure 3). The female sample size required is therefore very similar, with a difference of only about 6%. 

British Males and Females

Calculations revealed a minimum sample size of 615 for British males (Figure 4), and 585 for British females, both groups aged 19-35 years, for a sampling error of 1% and a 95% level of confidence. The female sample size required is therefore similar and different by only 5%. See reference sources on anthropometric data [START_REF] Kroemer | Fitting the Task to the Human, A Textbook of Occupational Ergonomics[END_REF][START_REF] Pearce | A Short Introduction to Epidemiology[END_REF][START_REF] Pheasant | Anthropometry, Ergonomics and Design[END_REF].

Japanese Males and Females

Computational results revealed a minimum sample size of 413 for males and 446 for females, for a sampling error of 1% and a 95% level of confidence. The female sample size required is therefore similar and different in magnitude by about 7%. It is to be noted that these studies were smaller in scope and fewer body measurements were used [START_REF] Kroemer | Fitting the Task to the Human, A Textbook of Occupational Ergonomics[END_REF][START_REF] Pheasant | Anthropometry, Ergonomics and Design[END_REF]. The minimum sample size estimates for both male and female were for thigh height, in contrast to abdominal dimensions for Caucasians.

Trends in civilian data

Differences in calculated minimum sample sizes between males and females were all less than 7% for American, British and Japanese samples, but the difference in sample size with respect to ethnicity was 26% between the Caucasian and the Japanese samples. Therefore, ethnicity has a much greater impact than biological sex in sample size selection. Similarly, in the Caucasian samples, flying personnel required less than half the sample minimum size when compared with civilians (US and British samples), indicating some degree of pre-filtering or selection.

Discussion

General comments

The operational environment in the cockpit is characterized by pilot interactions with various forms of actuators and sensory apparatus. When the design of the cockpit layout is optimally matched to human body dimensions, the benefits include a more effective workspace shape and volume utilization, a more efficient interaction with instrumentation, and better ergonomics, which includes comfortable reach to controls and actuators, posture maintenance and strain-free seating angles.

The optimum design for the workspace requires estimates of human body dimensions, such as height, chest circumference, hip width, arm reach and hand size. The body measurements support determination of seating, posture, and grasping performance [START_REF] Kroemer | Fitting the Task to the Human, A Textbook of Occupational Ergonomics[END_REF][START_REF] Pheasant | Anthropometry, Ergonomics and Design[END_REF]. Sample size estimation is subject to uncertainty due to statistical variability but also to a range of epistemic uncertainties. Information on body measurements can also be affected by hidden bias in the measurements (due to factors such as room temperature, humidity, physical endurance, and others listed in Table 2).

The population of available personnel is not homogeneous and statistical sampling needs to be stratified to avoid producing misleading metrics of central tendency. There are issues of differences in male and female attributes, such as weight and volume, together with such factors as age, fitness level and ethnic differences. The minimum sample size required for anthropometric data should be calculated from statistical sampling theory subject to knowledge and understanding of the various epistemic uncertainties in the data. Estimation of minimum sample size required for anthropometric measurements is necessary because samples that are too small may lead to inaccurate results and poor workplace design, while a very large sample size may add significantly to the project cost in the form of mass, volume and energy requirements.

At present, a readily available methodology for minimum sample size estimation in ergonomics is available for the 5 th or 95 th percentile results (see, for example, [START_REF] Iso | General Requirements for Establishing Anthropometric Databases[END_REF]). Despite being convenient and useful for practitioners, this approach fails to convey the nature and origin of possible epistemic uncertainties affecting the estimate. For example, international standards do not specify some possible sources of uncertainty, such as the subjectivity of expert opinion in the choice and ranking of anthropometric dimensions. The standards also provide limited guidance for a formal framework for treating epistemic uncertainty and its impacts.

A comparison between minimum sample sizes for Caucasian and Japanese samples revealed that the Japanese sample needed to be only two-thirds the size of the Caucasian sample, although the dataset was limited in size and caution should be exercised in its interpretation. This difference may be due to greater homogeneity in the population, a reason also advanced for similar results in a Korean study.

Two interesting results were found in the current study. First, the body part with the most variability (standard deviation) was consistently abdominal dimension in Caucasian males, whether military or civilian (soft tissue) in contrast to skeletal dimensions for Asian males (hard tissue). This is an epistemic uncertainty in populations that is reducible. Second, for very small workspaces, such as in cramped spacecraft cockpits, certain sub-populations characterized by small stature may be good targets for recruitment. This may be a consideration for long duration space flight such as the Mars mission.

The smaller sample size required for females is associated with waist circumference, which is a body dimension that is highly variable in males and is also an indicator of fitness level. Fitness level in turn will affect endurance in long duration missions and is therefore a factor to be considered in personnel selection. Aside from this body dimension, there was an estimated sample size difference of only a few percent between males and females according to analysis of the data. Ethnic differences had a more significant impact on minimum sample size required than the impact of biological sex.

Uncertainty in Anthropometric Measurements

Uncertainty in measurements has attracted attention in recent years in the physical and natural sciences [START_REF] Helton | Uncertainty and Sensitivity Analysis Techniques for Use in Performance Assessment for Radioactive Waste Disposal[END_REF][START_REF] Oberkampf | Challenge Problems: Uncertainty in System Response Given Uncertain Parameters[END_REF], but not very prominently with respect to anthropometric data and there is a need for further research in this area [START_REF] Walker | Translating concepts of complexity to the field of ergonomics[END_REF]. Recently, it has been recognized in the case of ergonomics that systems are sensitive to various uncertainties, including inaccuracy, randomness and vagueness in reported data [START_REF] Oberkampf | Challenge Problems: Uncertainty in System Response Given Uncertain Parameters[END_REF][START_REF] Walker | Translating concepts of complexity to the field of ergonomics[END_REF][START_REF] Hoffman | Naïve judgements of stimulus-response compatibility[END_REF][START_REF] Refsgaard | Uncertainty in the Environmental Modelling Process -A Framework and Guidance[END_REF][START_REF] Brzozek | Radiofrequency Electromagnetic Radiation and Memory Performance: Sources of Uncertainty in Epidemiological Cohort Studies[END_REF]. The two principal categories of uncertainty often cited in the literature are denoted as aleatory uncertainty (statistical variability) and epistemic uncertainty (lack of knowledge), which are the basis of most published taxonomies [START_REF] Helton | Uncertainty and Sensitivity Analysis Techniques for Use in Performance Assessment for Radioactive Waste Disposal[END_REF][START_REF] Oberkampf | Challenge Problems: Uncertainty in System Response Given Uncertain Parameters[END_REF][START_REF] Brzozek | Radiofrequency Electromagnetic Radiation and Memory Performance: Sources of Uncertainty in Epidemiological Cohort Studies[END_REF].

In the current context, uncertainty in population values for various body part measurements is associated with variability in each category and should therefore be classified as aleatory uncertainty, which is irreducible when estimated at a given time and location. For example, the formula for the 95% confidence interval provides a confidence in the mean of the sampling distribution and is also related to the 95 th percentile result of the population (i.e. µ + 2σ). There is, however, epistemic uncertainty due to the nature of the population sample and its origins, which may relate to biological sex, age or ethnicity and the possibility of pre-filtering, due to fitness level as seen for military and flying personnel. All these factors may affect the inter-relationship between body dimensions, posture and workspace design.

The principal source of aleatory uncertainty is the variability in measurements of the various body parts, but there is also the factor of measurement error, which is an epistemic error (and therefore reducible). Generally, however, it is recognized that total standard deviation, σt, of the body part measurement is changed significantly by measurement error, σm, which is much smaller than the variability in the body part in question, σm, i.e conceptually, in the linear scale-free case,

𝜎 𝑡 = √𝜎 𝑏 2 + 𝜎 𝑚 2 ≈ 𝜎 𝑏 𝑖𝑓 𝜎 𝑏 >> 𝜎 𝑚 (18) 
where measurement error is normally distributed. Other epistemic uncertainties include posture maintenance time, and the effect of operator fatigue due to environmental conditions, such as high temperature, humidity and poor artificial lighting (Table 2). There are also slow long-term changes in population measurements arising from improved nutrition and human growth. The role of epistemic uncertainties was exemplified in a study of helicopter pilots (where the sample size determination was for the 95 th percentile result) [START_REF] Lee | An Anthropometric Analysis of Korean Male Helicopter Pilots for Helicopter Cockpit Design[END_REF]. In the approach used, the pooled standard deviation over all sub-samples of anthropometric dimensions was employed together with body part importance ranking by experts. The approach was comprehensive and served the intended purpose. It was also an advance in thinking at that time. With this method, the standard deviations in some cases may have been significantly different from the pooled result (introducing additional uncertainty in the minimum sample size required in some body dimensions). Epistemic uncertainties introduced by pooling standard deviations in body dimensions and expert opinion may be reduced by the maximin approach suggested in the current paper (see Section 2), noting that the maximin approach is an objective measure and not dependent on expert opinion.

There are uncertainties always present in estimation of the optimum sample size from anthropometric data. For a given accuracy (error in estimate of the mean), and for a given body part, there is aleatory uncertainty represented by the random error in the finite sample sizes used and dispersion around the mean values of body parts. Furthermore, there exists a degree of epistemic uncertainty related to the composition of the sample and its homogeneity. Therefore, biological sex, ethnicity and military or civilian status need to be considered in experimental design for workspace optimization. This can be addressed by either stratified random sampling, with separate analysis for each class, or a minimum level for sample size that covers all classes and body dimensions.

Summary and Conclusions

In summary, epistemic uncertainties in anthropometric data for cockpit design may include the factors listed in Table 2. These factors are age, biological sex, ethnicity, military vs civilian origin, posture, tolerance to environmental conditions, endurance, and selection of specific anthropometric dimensions. The first five factors in Table 2 have been identified and evaluated statistically within this study, with the required sample size results indicating their relative magnitudes --but the last six factors are not as well-known, and treatment, or statistical compensation appears to be neglected in the literature.

There were interesting relationships revealed in the study. First, the most variable body part with respect to standard deviation was consistently the abdominal dimension in Caucasian males, whether military or civilian. Abdominal size is an epistemic uncertainty that is reducible. Second, if the workspace available is large, and a single global minimum sample size is required, without regard to cost, then data from Caucasian males would provide sufficient coverage due to large stature. Third, in the case of very small workspaces, however, such as aircraft cockpits, spacecraft, space stations, or Martian habitation, much smaller subjects may be more appropriate and cost-effective, such as females and ethnic minorities, in which case data stratification would be needed prior to sample size estimation. It has even been suggested that an all-female crew is more appropriate for the Mars mission as it would lower the cost of life-support resources [START_REF] Scott | Effects of body size and countermeasure exercise on estimates of life support resources during all-female crewed exploration missions[END_REF].

Further research is recommended with respect to epistemic uncertainties, such as posture and tolerance to various environmental conditions, as these may vary with age, biological sex and ethnicity. Another direction for future research would be to include consideration of human biomechanics together with motion analysis by using time-series simulation in more critical applications, such as landing spacecraft. In the distant future, with increasing computer-based augmentation, technologies such as gesture control, voice activation and neural interfaces may change the relative importance of some body dimensions, such as arm reach or finger length. Voice signature, visual acuity, and cognitive factors may need to be added to the list of anthropometric attributes harvested from population studies.
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 2 Figure 2. Minimum sample size required for 21 body dimensions computed from data for USAF Flying Personnel.The global minimum sample size corresponds to the highest peak in the plot at a 95% level of confidence and occurs at a value of n = 273. This result relates to Body Dimension 11 in this sample and corresponds to Abdominal Depth (sitting) in Table1. Waist circumference has a high standard deviation.
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 3 Figure 3. Minimum sample size required for 36 body dimensions (computed from data for US civilian males aged 19-60 years). The global minimum sample size corresponds to the highest peak in the at a 95% level of confidence and occurs at a value of n = 541. The result is for Body Dimension 21 and corresponds to Abdominal Depth (sitting) in this experiment. The second peak in this dataset occurs for Sitting Elbow Height.
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 4 Figure 4. Minimum sample size required for 36 body dimensions (computed from data for British males aged 19-35 years). The global minimum sample size corresponds to the highest peak in the plot at a 95% level of confidence and occurs at a value of n = 615. The result relates to Body Dimension 21 which corresponds to Abdominal Depth (sitting) in this experiment.

Sample Size (for global coverage): 273 472 Minimum Sample Size

  

	Body Dim Body Part	Mean (cm)	Std. Dev.	1% Error	C.I. 95%	C.I. 99%
	1	Stature	175.56	6.16	1.760	47	82
	2	Height to Breastbone	145.20	5.50	1.450	55	96
	3	Shoulder Length	16.60	1.26	0.166	221	383
	4	Shoulder-Elbow Length	35.95	1.71	0.360	87	150
	5	Eye Height, Sitting	80.95	3.02	0.810	53	93
	6	Functional (Thumb-Tip) Reach	80.31	3.98	0.803	94	163
	7	Knee Height, Sitting	55.76	2.49	0.558	76	133
	8	Hip Width	27.92	2.04	0.279	205	356
	9	Buttock-Knee Length, Sitting	60.40	2.70	0.604	77	133
	10	Hip Height	93.96	4.35	0.940	82	143
	11	Waist Circumference, Standing	87.60	7.38	0.876	273	472
	12	Sleave Length, Spine-Elbow	60.57	2.62	0.606	72	125
	13	Palm Length	10.83	0.54	0.108	96	165
	14	Hand Breadth	8.90	0.41	0.089	82	141
	15	Hand Length	19.11	0.82	0.191	71	123
	16	Hip Height	93.96	4.35	0.940	82	143
	17	Back Width, Shoulders	61.54	3.02	0.615	93	160
	18	Gluteal Furrow Height	81.11	4.01	0.811	94	163
	19	Knee height, Sitting	55.76	2.49	0.558	77	133
	20	Head Breadth	15.60	0.54	0.156	46	80
	21	Head Circumference	57.52	1.43	0.575	24	41
		Minimum					
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 2 Epistemic uncertainties affecting anthropometric data.

		Epistemic Uncertainties	Comments
	KNOWLEDGE BASE: Adequate and still developing	RECOMMENDATIONS:
	➢	Age	➢ Data is available but may need future
	➢	Ethnicity	incremental updating
	➢	Experience level	➢ More studies are needed on
	➢	Biological Sex	interactions between these factors
	➢	Military vs Civilian origin	➢ More studies are needed on the
			knowledge base that can be matched
			optimally to workspace volume, layout
			design and functionality
	KNOWLEDGE BASE: Poor and insufficient	RECOMMENDATIONS:
	➢ Posture (angle of spine)	➢ More research is needed, especially on
	➢ Posture (maintenance time)	time-dependence
	➢ Tolerance to temperature, humidity, work stress	➢ More research is needed on dynamic in
		and artificial lighting	situ simulation to support static
	➢ Relative importance (ranking) of different	measurements of body parts
		anthropometric dimensions	➢ Cockpits in future may need to include
	➢ Missing body dimensions and attributes, such as	new features, such as voice and eye
		ratio of waist circumference to height, muscle	tracking performance
		strength, visual field and acuity, voice signature	➢ Human 3-D motion analysis by video
	➢ Impacts of human augmentation technologies,	tracking will provide new datasets
		such as gesture control, voice recognition	
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