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Abstract 

Clearance of helicopters to naval vessels is a complex, costly and at times hazardous process which could 

be significantly improved by application of Modelling and Simulation (M&S). Building on established capabili-

ties for ship-air integration modelling, the authors present a new framework for generating digital evidence to 

support the UK Ministry of Defence (MoD) ship air-release process. The framework applies independent 

fidelity assessment of both air and ship system models to build credibility of integrated simulations that may 

lack applicable validation data. The framework is developed to ensure outputs comply with RA 5812, the 

MoD and Military Aviation Authority’s regulatory article governing use of M&S in airworthiness decision-

making. To support compliance, specific fidelity metrics are proposed for key M&S based on existing litera-

ture and new experimental results that examine how variations in ship airwake characteristics affect helicop-

ter deck landing performance. The framework is demonstrated using an initial case study involving the 

AW159 Wildcat and Type 23 frigate, which illustrates the approach and highlights fidelity sensitivities. Future 

work will refine and validate the M&S components to improve confidence in digital evidence for operational 

clearance decisions, and support qualification of future aircraft/ship pairings.  

NOTATION1 

Symbols: 

𝑛𝑥, 𝑛𝑦 , 𝑛𝑧 Aircraft load factor components, g 

𝑅𝑚 Main rotor radius, m 

𝑅𝑡 Tail rotor radius, m 

𝑠 Laplace operator 

𝑆𝐹𝑇𝐼 Turbulence intensity scale factor 

𝑆𝐹𝑣𝑒𝑙 Velocity scale factor 

𝑡 Time, s 

𝑇𝐼  Turbulence Intensity 

𝑈∞  Reference wind velocity, m/s 

𝑢, 𝑣, 𝑤 Airwake velocity components, m/s 

𝑤𝑛 White noise input 

𝛿𝐿𝑎𝑡 Lateral control input, % 
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𝛿𝐿𝑜𝑛𝑔 Longitudinal control input, % 

𝛿𝐶𝑜𝑙𝑙 Collective control input, % 

𝛿𝑃𝑒𝑑 Pedal control input, % 

𝜎𝑢, 𝜎𝑣 , 𝜎𝑤   Airwake velocity standard deviations 

Ω, Ω𝑇𝑅 Main, tail rotor speed of rotation, rad/s 

  

Acronyms: 

ACP Airload Computation Point 
ACR Applicable Certification Rules 
ADV Acoustic Doppler Velocimeter 
AS Air System 
BWR Bedford Workload Rating 
CAUM Corrected All Up Mass 
CFD Computational Fluid Dynamics 
CS Certification Specification 
DDES Delayed-Detached Eddy Simulation 
DIPES Deck-Interface-Pilot-Effort-Scale 
e-CETI enhanced-Control Equivalent Turbulence 

Input 

EASA European Union Aviation Safety Agency 

ERF European Rotorcraft Forum 
FSTD(H) Flight Simulation Training Device (Heli-

copters) 
FS Flight Simulator 
FSM Flight Simulation Model 
FS&T Flight Science and Technology 
FoCFT First of Class Flight Trial 
FoTFT First of Type Flight Trial 
FTMS Flight Test Measurement System 
HQ Handling Qualities 
HQR Handling Qualities Rating 



LH Leonardo Helicopters 
MAA Military Aviation Authority 
MECC Minimum Expected Constituent Compo-

nent 
MoD Ministry of Defence 
M&S Modelling and Simulation 
MTE Mission Task Elements 
MUAD Maximum Unnoticeable Added Dynam-

ics 
RTS Release to Service 
RA Regulatory Article 
RCAT Rotorcraft Concepts & Tactical Aviation 

Research 
RoCS Rotorcraft Certification by Simulation 
RWS Real World System 
SAI Ship-Air Integration 
SAIF Ship Air Interface Framework 
SA-R Ship Air-Release 
SA-RLE Ship Air-Release with Limited Evidence 
SFR Simulator Fidelity Rating 
SHOL Ship Helicopter Operating Limits 
SS Ship System 
SSM Ship System Model 
TP Test Pilot 
TFF Transient Following a Failure 
UoL University of Liverpool 
VAD Virtual Air Dyn 
V&V Verification and Validation 
WOD Wind-Over-Deck 

1 INTRODUCTION 

Helicopters have become an essential tactical sys-

tem for navies across the world, performing missions 

including resupply, reconnaissance, troop transport, 

search and rescue, and anti-submarine or surface 

warfare. However, launch and recovery of helicop-

ters to ships at sea is both difficult and dangerous. 

The pitching, rolling and heaving motion of the flight 

deck, combined with unsteady airflow in the lee of 

the ship superstructure (referred to as the ship air-

wake), forms a challenging environment for pilots to 

navigate. Figure 1 illustrates the portside variant of 

the UK Royal Navy’s standard forward-facing ap-

proach used for recovery of helicopters to ships. 

The manoeuvre can be broadly split into four phas-

es: a deceleration to hover alongside, a translation 

across deck, station keeping above the flight deck, 

and landing during an appropriate quiescent period 

in ship motion. These mission tasks are performed 

under a range of wind-over-deck (WOD) speeds and 

directions, with turbulence caused by the ship su-

perstructure. Furthermore, these tasks expose a 

range of critical aircraft performance characteristics 

and handling qualities, including control trim and 

engine torque limits, attitude quickness, control 

power, control bandwidth and cross-couplings. As 

such, clearance of an Air System (AS) to a Ship 

System (SS) is a tightly regulated process to guar-

antee that the operational interface between two 

extremely complex and distinct systems is safe for 

front-line personnel. 

 
Figure 1: UK Royal Navy standard port-side forward-
facing recovery approach to a single spot frigate. 

1.1 Ship-Air Integration and Clearance 

In the UK, the Ship-Air Integration (SAI) process is 

ultimately governed by the Ministry of Defence 

(MoD)’s Regulatory Article (RA) 1395 [1], which 

dictates the activities that must be completed by 

various stakeholders to generate two key permis-

sions: the aircraft’s Release to Service (RTS), and 

the Ship Air-Release (SA-R). The RTS is airworthi-

ness clearance that provides the aircraft operator 

with aircraft applicable limitations, warnings and 

cautions for SAI, while the SA-R provides the ship 

operator with equivalent ship applicable information. 

Following the issuance of the SA-R, it is integrated 

into the Royal Navy’s manual for embarked aviation 

operations, BRd 766 [2], and routine AS/SS opera-

tions can commence. Compliance must be demon-

strated for a large range of requirements that are 

mostly related to the design of the two systems; 

most are straightforward to demonstrate by tradi-

tional means and will not be discussed in this paper. 

However, some requirements related to conduct of 

operations necessitate more involved testing, like 

establishment of the Ship-Helicopter Operating Lim-

its (SHOL). Figure 2 shows a typical SHOL diagram 

for deployed operations, which limits launch and 

recoveries using the port-side forward-facing ap-

proach to a set of defined wind conditions, ship deck 

attitudes, helicopter Corrected All-Up-Mass (CAUM), 

and visibility conditions.  



 
Figure 2: Example SHOL showing wind over deck 
envelope for a UK port-side forward-facing landing 
manoeuvre [3] 

As per Defence Standard 00-133, Aviation Ar-

rangement in Surface Ships Part 4 [4], the SHOL for 

a given ship-aircraft combination is determined dur-

ing a ship’s First of Class Flight Trials (FoCFT) or an 

aircraft’s First of Type Flight Trials (FoTFT). During 

these trials, Test Pilots (TP) perform and rate nu-

merous launch and recovery tasks for winds of vary-

ing magnitude and direction. The TP ratings and 

recorded aircraft performance data are then used to 

demonstrate compliance with the applicable regula-

tions, which are defined in Def. Stan. 00-970 Part 7: 

Certification Specifications for Airworthiness: Ro-

torcraft [5]. The operative section for SAI is Sec-

tion 2.3.3.1, which is subdivided in three parts, con-

taining: 

a. A statement that the pilot must rate launch or 

recovery tasks with the Deck Interface Pilot Ef-

fort Scale (DIPES) described in Ref. [6] 

b. A range of qualitative requirements on landing 

gear characteristics, rotorcraft agility, wind gust 

and turbulence response, Automatic Flight Con-

trol System configuration, and aircraft securing 

system characteristics;  

c. Requirements that for a landing to be consid-

ered acceptable: 

1. The steady state and transient torque limits 

should not be exceeded 

2. The steady state and transient yaw control 

margins should not be less than 10% and 

5% of total control range, respectively. 

Further requirements on deck operations and rotor 

down-load are listed in paragraphs 2.3.3.2 and 

2.3.3.3 of Ref. [5] that give maximum limits of wind 

and ship deck motion amongst other restrictions. 

Additionally, requirement UK29.479a defines mini-

mum loads that the undercarriage must withstand in 

different sea states based on probability curves.  

Many of these requirements, particularly those in 

2.3.3.1, are traditionally only demonstrated during 

at-sea helicopter/ship flight testing. However, em-

barked trials are expensive, time consuming and 

hazardous, as pilots must attempt launch and re-

covery with limited prior knowledge of the potential 

hazards presented by the test conditions. The avail-

ability of conditions also often becomes a determin-

ing factor of the ultimate SHOL; a condition may be 

safe for launch/recovery, but if that condition cannot 

be tested during FoCFT then it will not be cleared in 

the SA-R. Therefore, limited availability of test condi-

tions can lead to artificially restricted SHOL bounda-

ries that can impact operational efficiency and effec-

tiveness, solely due to inability to find particular 

winds during embarked trials. 

1.2 Modelling & Simulation in Airworthiness 

Decision Making 

The use of Modelling and Simulation (M&S) to sup-

plement or replace embarked testing ahead of SA-R 

is attractive from cost and risk reduction perspec-

tives, and can also expand operational capability. 

This approach is encouraged in Def. Stan. 00-133, 

which specifically recognises the utlity of 

Computational Fluid Dynamics (CFD) for accurately 

predicting air flow and air pattern over the ship deck. 

It also recommends systematic analysis of the AS as 

supporting evidence for FoCFT/FoTFT but the form 

of this analysis is not specified. The University of 

Liverpool (UoL) Flight Science and Technology 

(FS&T) research group has played a central role in 

advancing M&S of both helicopters and the ship-air 

interface, enabling the uses that Def. Stan. 00-133 

advocates. FS&T’s contributions include advance-

ments to CFD-airwake generation [7], SAI analysis 

tools [8], [9] and piloted simulation processes [10]. 

Highlights in the application of these developments 

include studies on the Type 23 Frigate [11] and Type 

45 Destroyer [12], the new UK Type 26 Frigate [13], 



and the Queen Elizabeth Class Aircraft Carrier [14]. 

However, these tools are still yet to be meaningfully 

applied in a real-world clearance process.  

The MoD’s RA 5812 [15] lays out a process to es-

tablish appropriate levels of development and as-

surance of M&S to enable its use in airworthiness 

decision-making. Hence, if any M&S evidence is to 

be used in support of RTS or SA-R development, 

both fundamentally airworthiness assessments, it 

must comply with RA 5812. The regulation borrows 

from NASA-STD-7009B [16], a technical standard 

that covers Verification & Validation (V&V) of M&S 

against a Real-World System (RWS), but aligns 

definitions with defence aviation. RA 5812 requires 

that the applicant consider the criticality of the M&S 

(a combination of the intended level of influence, 

and potential consequences), and demonstrate 

compliance with some selected standards or specifi-

cation. The criticality is determined through a matrix 

construct given in Table 1, which defines a criticality 

level A through D, with A denoting high criticality to 

the M&S used.  

Table 1: RA 5812 Criticality Matrix 
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Significant C B B A 

Moderate C C B B 

Minor D C C B 

Negligible D D C C 
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Decision  

Consequence 

The criticality levels are aligned as follows: 

A. The full set of requirements in the selected 

standard(s)/specification(s) must be applied and 

safety arguments developed to demonstrate the 

increased risks have been mitigated. 

B. The full set of requirements in the selected 

standard(s)/specification(s) must be applied 

C. Tailoring of the requirements from the selected 

standard(s) / specification(s) is permitted with 

agreement from the Military Airworthiness Au-

thority (MAA). 

D. Application of requirements from the selected 

standard(s) / specification(s) is discretionary and 

does not require MAA agreement. 

Deciding which standards/specifications that should 

be applied to the M&S is left to the judgement of the 

user based on suitability to their application but does 

mandate that applied standards should cover ten 

Minimum Expected Constituent Components, given 

in Table 2. The authors view these ten components 

under two categories: technical and programmatic, 

i.e. elements that contain particular engineering 

challenges in compliance, and other elements that 

are important for M&S assurance but do not impart 

any technical challenges.  

Table 2: RA 5812 minimum expected constituent 
components of a specification or standard 

1. 
Data and M&S input verification, 
validation and pedigree 

T
e
c
h

n
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l 

2. 
A mechanism for measuring com-
pliance 

3. 
Verification and validation for spe-
cific M&S 

4. Uncertainty characterisation 

5. Sensitivity analysis 

6. Competence 
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7. 
Processes for analysing and inter-
preting results 

8. Change management processes 

9. Processes for reporting results 

10. 
Best practices for user interface 

design 
 

Selection of M&S standards that contain these ex-

pected components presents a unique challenge for 

SAI. As the name suggests, it is typically regarded 

as an interface of two disparate and complex mod-

els. While this approach is attractive to enable re-

use of AS and SS models in different combinations, 

it complicates the definition of overarching standards 

for governing SAI fidelity. NASA-STD-7009B is an 

applicable standard, but as it only refers to general 

M&S, there are no compliance metrics or associated 

fidelity bounds that would be suitable for SAI mod-

els. Importantly, RA 5812 does allow for combina-

tions of standards to be applied where a single rele-

vant standard does not exist. Hence, standards that 

apply individually to the AS and SS models can be 



explored as options. Some standards for verification 

and validation of CFD models typically used for the 

SS do exist, such as the American society of Me-

chanical Engineers’ (ASME) V&V 20-2009 [17], but 

the scope of ship airwake computation makes the 

standards difficult to apply. Standards such as the 

European Aviation Safety Authority (EASA)’s Certifi-

cation Specific – Flight Simulation Training Device 

for Helicopters (CS-FSTD(H)) [18] provide fidelity 

standards for training simulators, but the basis for 

these requirements is often unclear and their suffi-

ciency for M&S in certification or clearance applica-

tions is also unproven in isolation.  

1.3 Rotorcraft Certification by Simulation 

In the civilian arena, use of M&S in the certification 

of rotorcraft is emerging as a viable approach that 

can significantly reduce cost and risk in this often-

lengthy process. The authors have significant expe-

rience in this field after playing a key role in the EU 

CleanSky2-funded Rotorcraft Certification by Simu-

lation (RoCS) project. This project brought together 

researchers (UoL, Cranfield University, NLR, DLR, 

Politecnico di Milano), manufacturers (Leonardo 

Helicopters), and regulators (EASA) to develop a 

viable approach for digital certification.  

Using Leonordo Helicopter’s (LH) AW109 Trekker as 

an exemplar, RoCS developed a guidance manu-

al  [19] detailing an approach to certification by simu-

lation and analysis characterised by three distinct 

phases: 

Phase 1 – Requirements Capture and Specifica-

tion 

The process developed in RoCS begins with identifi-

cation of the Applicable Certification Rules (ACRs) 

to be addressed through M&S, followed by two key 

decisions: 

1. What level of certification credit is sought? I.e. 

full credit, partial credit, critical point analysis or 

de-risking evidence. 

2. What conditions are to be assessed, and how do 

they relate to existing/anticipated validation da-

ta? I.e. will M&S be interpolating between known 

outcomes, or extrapolating beyond them?  

These two questions are answered with a level be-

tween 1 and 4, which are combined in an ‘influence-

predictability’ matrix to determine the overall level of 

confidence required in the M&S. This confidence 

level is then translated into specific requirements to 

be fed into phase 2 development.  

Phase 2 – Flight Simulation Model (2A), Flight 

Simulator (2B) and Flight Test Measurement Sys-

tem (FTMS) Development 

The second phase is sub-divided into three ele-

ments that deal with the mathematical Flight Simula-

tion Model (FSM), physical Flight Simulator (FS), 

and Flight Test Measurement System (FTMS) used 

to capture data for validation of the FSM & FS. Par-

allel development of these distinct systems is re-

quired to enable important feedback loops between 

them, i.e. design of the FTMS must be informed by 

the validation requirements of the FSM, deficiencies 

in the FSM are often illuminated by piloted testing in 

the FS, and systems required in the FS may require 

specific development of the FSM. These feedback 

mechanisms allows for better coordination of testing 

procedures and outputs between the three ele-

ments, which is key for building a robust certification 

basis.  

Phase 3 – Credibility Assessment 

The final phase comprises actual performance of 

certification test points, and quantification of uncer-

tainties in measurements taken. These two elements 

are brought together to build the certification case, 

i.e. this is the prediction of the system performance 

at the point of interest, and this is the confidence in 

that measurement. This evidence is then presented 

to the regulator for approval. 

While RoCS successfully demonstrated application 

of the newly developed process against EASA certi-

fication specifications, it did not explore integration 

of ship models, or use military clearance processes, 

which typically present significantly different ap-

proaches to risk than civil equivalents. However, due 

to the common inspiration drawn from NASA-STD-

7009B in development of both the RoCS guidance 

and the UK‘s RA 5812, there are significant overlaps 

in the evidence expected for both documents. 

Common factors like verification, validation and sen-

sitivity and uncertainty analysis mean that mapping 

of the RoCS process to UK SA-R process is possi-

ble and useful, though application to other nations’ 

ship-air clearance process may vary based on their 

regulatory frameworks.  

To build on the RoCS developments and advance 

practical use of M&S in the SAI clearance process, 



FS&T are part of a consortium led by LH that was 

awarded a contract under Dstl’s Rotorcraft Concepts 

& Tactical Aviation Research (RCAT) project. The 

aim of the project is to improve operational efficiency 

and capability through digital engineering, with a 

main problem statement for RCAT Work Package 

2B “to develop tools and metrics that enable con-

sistent and convincing compliance with RA 5812” in 

the context of ship air operations [20]. This paper will 

detail progress against that aim using an example 

ship and helicopter combination to demonstrate 

developed processes.   

2 A DIGITAL FRAMEWORK FOR SHIP AIR-

RELEASE  

Under the RCAT2B project, the authors have pro-

posed a new framework for development of digital 

SA-R evidence that allows for structured compliance 

with RA 5812. In partnership with LH, a staged ap-

plication of the framework to several aircraft/ship 

combinations has also been planned, beginning with 

use of in-service systems to validate the process, 

before exploiting it against new platforms.  

The clearance framework, shown in Figure 3, is 

structured to leverage a 70:20:10 approach; 70% of 

effort in any ship-helicopter qualification task is ap-

plied to ‘offline’ M&S analysis to validate component 

models and generate a predictive SHOL, 20% of 

effort is used on piloted simulation testing to gener-

ate a candidate SHOL, and 10% is used on at-sea 

testing for SAI M&S correlation, validation and verifi-

cation purposes. This approach allows for significant 

cost savings and risk reduction against traditional at-

sea ship-helicopter FoCFT/FoTFT qualification test-

ing. The framework is characterised by independent 

development, verification and validation of the AS 

(further sub-divided to FSM and FS) and SS models 

before integrating the two. This ambitious approach 

builds layers of credibility into the final integrated 

simulation and boosts confidence in the eventual 

output. The process is inherently iterative, so that 

AS and SS models can be updated and improved in 

response to deficiencies found at the various as-

sessment stages.  

The integrated AS/SS models are evaluated both in 

an ‘offline’ mode, where desktop simulation tools are 

used to develop a predicted SHOL, and with ‘online’ 

tools for pilot-in-the-loop simulation to develop a 

candidate SHOL. Use of offline tools is intended to 

reduce scope of piloted testing through critical point 

analysis, and to provide more objective analysis of 

SAI M&S, rather than solely relying on subjective 

pilot opinion captured through ratings scales such as 

DIPES and the Simulator Fidelity Rating Scale 

(SFR) [21]. Once a candidate SHOL has been de-

clared following combination of offline and piloted 

simulation outputs, it forms the foundation of a Ship 

Air-Release with Limited Evidence (SA-RLE), the 

regulatory clearance used to approve any embarked 

flight trial. Currently, it is assumed that embarked 

testing is still required to validate the M&S to some 

degree, but this can be significantly reduced in 

scope as test points are replaced with simulation 

evidence.  

Figure 3: The proposed Ship Air Interface Clearance Framework developed during RCAT2B 



At this juncture it is important to acknowledge that 

the framework may be applied in two primary 

modes: 

1. Pre-FoCFT/FoTFT – no validation data is avail-

able, and candidate SHOL will inform all em-

barked testing. 

2. Post-FoCFT/FoTFT envelope expan-

sion/modification clearance – validation data has 

already been captured, so revised SA-R may be 

possible without further testing. 

If operating in ‘mode 1’, some level of embarked 

testing must still be performed, and the fidelity of 

validation points in the candidate SHOL assessed 

before any of that evidence may be submitted for full 

SA-R. However, the scope of that testing may be 

drastically reduced to validate the M&S, rather than 

to fully define the SHOL. In future, even this may not 

be necessary if pedigree of previous work is suffi-

cient for the regulator. The work described in this 

paper follows a validation exercise performed in 

‘mode 2’, using existing validation data of the 

AW159 Wildcat and Type 23 frigate as exemplars, 

with no further embarked testing performed. As 

such, the flight test elements are not discussed in 

detail in this paper. 

2.1 Criticality and Standards Selection 

To inform standards selection and further require-

ments specification of M&S components, an intend-

ed M&S criticality level must be defined, as dis-

cussed in Section 1.2. Level of influence of a digital-

ly-generated SHOL is intended to be significant at 

the least, and more likely controlling. Per the MAA 

definitions set out in RA 1210 [22], incorrect SHOL 

definition could lead to critical or catastrophic con-

sequences due to the risk of pilot, crew or passen-

ger fatalities. Hence, the anticipated criticality level is 

assessed as A, inferring that full stand-

ards/specifications must be applied with additional 

safety arguments. However, as previously dis-

cussed, there is no single applicable standard that 

can ensure adequate M&S fidelity in this case, so a 

combination must be applied, as permitted by 

RA 5812. 

The authors propose a range of established quanti-

tative and qualitative approaches to meet the Mini-

mum Expected Constituent Component (MECCs) of 

RA 5812 and have commenced development of new 

standards where no appropriate ones could be 

found. The proposed standards and metrics are 

discussed for each of the framework components in 

the following sections with reference to each of the 

RA 5812 MECCs.  

3 Flight Simulation Model & Flight Simulator 

The FSM and FS are discussed together here due to 

their closely integrated nature, but per the frame-

work are discrete entities. This is a key enabler for 

the 70:20:10 approach, where a majority of the anal-

ysis can be performed without pilot involvement. 

3.1 Assessment Rationale and Methodology 

The first RA 5812 MECC (data and input pedigree 

and V&V) requires traceability of all M&S input data 

to a valid source, with estimations of accuracy, pre-

cision and uncertainty for each parameter. These 

uncertainties form the foundation for later character-

isation of uncertainty in model outputs and should 

also be used to inform sensitivity analysis. This pro-

cess is similar regardless of particular use case, so 

the NASA-STD-7009B M&S data pedigree factor is 

proposed as a measure of compliance with this 

MECC across all components. 

MECC 2, a mechanism for measuring compliance, is 

more difficult to define. The RoCS project provided 

exemplar methodologies for assessing model and 

simulator fidelity but also identified that an applicable 

unified standard does not exist. Efforts to apply a 

unified standard are also viewed as inappropriate 

given the wide range of requirements that might be 

addressed to different levels of influence and pre-

dictability. Hence, training requirements like CS-

FSTD(H), while useful, have not been demonstrated 

to ensure sufficient fidelity for this clearance use in 

isolation. Therefore, an integrated approach to as-

sessing FSM & FS fidelity using a range of predic-

tive and perceived metrics is proposed using the 

RoCS approach. 

While CS-FSTD(H) requirements are insufficient in 

isolation, they do provide some baseline of fidelity, 

so relevant sections to hover and low speed perfor-

mance and handling qualities are applied here (de-

tailed further below).  To provide a more rigorous 

assessment of FSM fidelity, a quantitative handling 

qualities assessment was performed in the hover 

and low speed regime using ADS-33E-PRF Han-

dling Qualities (HQ) metrics [23]. It is important to 

note that ADS-33E-PRF is primarily a handling quali-

ties requirements document but is not applied here 



as requirements for the aircraft. Instead, the fidelity 

assessment approach described in Ref. [24] is ap-

plied, which correlated percentage difference in the 

ADS-33E-PRF quantitative metrics to variations in 

pilot performance of related Mission Task Elements 

(MTEs). It was further suggested that a nominal 10% 

tolerance on HQ metrics was appropriate for ensur-

ing sufficient fidelity. 

The authors also advocate using a Maximum Unno-

ticeable Added Dynamics (MUAD) approach based 

on error response functions in the frequency do-

main, as described in Ref. [25], and further devel-

oped in Ref. [26]. This approach has been demon-

strated to provide limits on variation in aircraft fre-

quency response before it creates a noticeable ef-

fect on pilot task performance, ideally suited for as-

sessing potential impact of M&S fidelity deficiencies.  

Applying the assessment methods above allows for 

predictive analysis of aircraft trim, stability and re-

sponse (in both time and frequency domain), i.e. 

how well the model matches reality numerically. 

However, pilot perceived fidelity of the FS, and by 

extension the FSM, is also regarded as a critical 

measure of fidelity. RoCS advocated use of the 

Cooper Harper Handling Qualities Rating (HQR) 

scale as a validation metric, which is a subjective 

assessment tool to evaluate aircraft HQs based on 

pilot compensation and task performance against a 

standard using a 10-point scale [27]. ADS-33E-PRF 

defines a range of standard MTEs to be evaluated 

using Cooper-Harper which are commonly per-

formed during military rotorcraft type certification. 

This enables comparative assessment of the MTEs 

in the FS where matching HQRs to the RWS infers 

equivalent levels of task performance and pilot work-

load, hence good fidelity. 

The SFR scale builds on this approach by further 

quantifying differences in pilot task performance and 

amount of adaptation, defined as the differences in 

control strategy, compensation, available cueing or 

pilot workload between FS and RWS. This approach 

was also heavily used in the RoCS project, which 

updated the SFR scale to be appropriate for certifi-

cation use cases [19]. The SFR is also mapped 

against a 10-point scale which is further classified 

into four fidelity ‘levels’ as defined in Table 3. The 

combination of techniques above is recommended 

because, while all have been shown to be useful, 

none have been demonstrated as a guarantee of 

sufficient fidelity in isolation. 

Table 3: Simulation Fidelity Rating scale fidelity level 
definitions [21] 

Level Description 

1 Simulation fit for purpose: 
Fidelity considered sufficient for full 
credit against a selected ACR. 

2 Simulation fidelity warrants im-
provement: 
Fidelity considered sufficient for partial 
credit (SFR 3-4) or critical point analy-
sis (SFR 5-6) against a selected ACR 
depending on rating. 

3/4 Simulation not fit for purpose 

To support assessment using the proposed metrics, 

a range of RWS data is required, which is routinely 

captured in initial qualification of a military rotorcraft 

against Def. Stan. 00-970 Part 7. This includes trim 

states, control step and sweep responses in a range 

of different mass and environmental conditions. 

Comparison of this data set with M&S equivalents is 

regarded as the basis of ‘V&V for specific M&S’ 

(MECC 3). The verification element must also be 

addressed to ensure the FSM and FS are imple-

mented as intended via code and solution verifica-

tion. Both elements can be quantified via the NASA-

STD-7009B verification factor.  

RA 5812 also mandates uncertainty characterisation 

and sensitivity analysis be performed to quantify the 

possible variance in the M&S outputs (MECCs 4 and 

5). This approach is described in detail in the RoCS 

guidance, and demonstrated well in Ref. [28], where 

input parameter uncertainty intervals are used to 

drive Morris one-at-a-time and variance-based de-

composition analysis on ADS-33E-PRF HQ metrics 

and aircraft frequency response against MUAD 

bounds. Both measures have also been identified as 

compliance metrics for SAI M&S, so this method is 

well suited. Using the Ref. [28] approach, it can be 

found whether input uncertainties may cause the 

expected M&S output to cross fidelity bounds. The 

RoCS guidance also proposes a way of quantifying 

this possibility using confidence ratios: the ratio of 

uncertainty magnitude to distance from a perfor-

mance or fidelity boundary. Requirements on confi-

dence ratio are mapped to the influ-

ence/predictability matrix concept, with higher confi-

dence required for cases with higher influence or 



predictability, in a similar way to the RA 5812 critical-

ity matrix. As such, this approach is also recom-

mended here to provide requirements on maximum 

uncertainty. A more qualitative measure of uncer-

tainty characterisation is provided by NASA-STD-

7009B to scope the application of methods de-

scribed above, which is recommended for compli-

ance with MECC 4.  

The NASA-STD-7009B M&S results robustness 

factor is also useful for quantifying the level of sensi-

tivity analysis performed, which while related, is 

distinct from uncertainty characterisation. A particu-

lar metric may be very sensitive to an input parame-

ter, but the uncertainty in it may be low enough to 

limit potential impact, e.g. rotor radius. Hence, both 

should be assessed independently, with sensitivity 

analysis often informing uncertainty characterisation. 

Table 4: Proposed compliance standards and met-
rics to satisfy the RA 5812 technical MECCs for 
flight simulation model and flight simulator compo-
nents of framework 

MECC Proposed Compliance  
Standards/Metrics 

1. • NASA-STD-7009B M&S data pedi-
gree factor 

2. FSM compliance metrics: 

• CS-FSTD(H) performance and 
handling qualities tests 

• ADS-33E-PRF hover & low-speed 
HQ metrics with 10% fidelity bound 

• Maximum Unnoticeable Added 
Dynamics bounds 

FS compliance metrics: 

• Cooper-Harper HQR scale 

• Simulation Fidelity Rating scale 

3. FS/FSM verification: 

• NASA-STD-7009B M&S verification 
factor 

FSM validation: 

• RWS trim states, control step re-
sponses, control sweep responses 
in all axes 

FS validation: 

• ADS-33E-PRF MTE HQRs and 
performance data 

• Simulation fidelity ratings 

4. • NASA-STD-7009B M&S uncertainty 
characterization factor 

• RoCS confidence ratios 

5. • NASA-STD-7009B M&S results 
robustness factor 

 

The proposed metrics and methods of compliance 

with the RA 5812 technical MECCs for the FS and 

FSM are collated in Table 4. The paper will now 

describe development of exemplar models then a 

fidelity assessment of the models using the metrics 

above. Note that values of NASA-STD-7009B fac-

tors will not be reported in this paper. 

3.2 FSM & FS Development 

For the purposes of the RCAT project and initial 

assessment of digital SA-R framework, an existing 

FSM of the AW159 Wildcat (Figure 4) was provided 

to UoL by LH, as an exemplar aircraft for assess-

ment and integration into UoL’s HELIFLIGHT-R FS 

[29]. The FSM is a non-linear flight dynamics model 

developed by LH, featuring coupled rotor-airframe 

equations of motion and independent aerodynamic 

models of the main rotor, tail rotor, fuselage and 

empennage surfaces, with additional propulsion and 

flight control systems models. The flight model also 

integrates with the Ship Air/Interface Framework 

(SAIF) simulation tool developed by SEA Ltd. [30] 

for the UK MoD. The model can be run in an offline 

mode via a MATLAB/Simulink interface, or via a 

real-time scenario manager for piloted simulation. 

No development of the FSM has taken place during 

the initial phases of the RCAT project to date, so all 

assessments through the framework have been 

carried out with the FSM in its ‘as delivered’ state. 

Due to the sensitive nature of any AS-related data, 

any numerical results reported here have been nor-

malised and obfuscated. Units of any quantities plot-

ted are intentionally omitted. 

 
Figure 4: Royal Navy AW159 Wildcat Helicopter [31] 

HELIFLIGHT-R (Figure 5) is a reconfigurable simu-

lator for flight dynamics, control, handling qualities 

and simulation fidelity research. It features a 6 de-

gree-of-freedom motion platform, a wide field-of-

view 4-channel projection dome and 4-axis active 



control loading [29]. HELIFLIGHT-R is a generic 

simulator used to represent a wide range of fixed- 

and rotary-wing platforms, and as such presented 

several functional fidelity deficiencies when operat-

ing as an AW159 Wildcat. Some of these deficien-

cies became apparent during early project testing 

and renovations were performed for continuing 

simulator trials.  

 
Figure 5: The HELIFLIGHT-R simulator at the Uni-
versity of Liverpool 

3.3 FSM Fidelity Assessment 

The exemplar aircraft has undergone an initial fideli-

ty assessment using the proposed compliance met-

rics of Table 4. The FSM was provided as a black-

box entity by LH, so the values of model parameters 

were not accessible for assessment against 

MECC 1, i.e. data and input V&V and pedigree. This 

arrangement also made verification of FSM code or 

solutions unfeasible; these activities are planned to 

be performed by LH in future phases of work. 

A limited set of flight test data, drawn from initial 

qualification of the AW159 was used as reference 

for validation. This data set was captured with the 

intention of supporting qualification of training simu-

lators, so some desired data for HQ and MUAD 

analysis was not available. Frequency sweep and 

varying magnitude control steps were notably ab-

sent, as these are not assessed in CS-FSTD(H). 

This precluded MUAD and restricted HQ analysis. 

Sourcing of further data is underway to support fu-

ture phases of work. However, assessment of the 

model against the available data using CS-FSTD(H) 

and ADS-33E-PRF requirements is reported on here 

to demonstrate the process applied thus far.  

Full qualification against CS-FSTD(H) was beyond 

the scope of this initial work and would also apply 

requirements that would not be relevant to this use 

case; SHOL determination is almost exclusively 

performed at hover and low-speed conditions, so 

high speed analysis is of limited utility. Key results 

on aircraft trim states and dynamic longitudinal con-

trol response are included to highlight fidelity issues 

discovered. Figure 6 shows some of the aircraft trim 

states across the hover and low forward speed en-

velope for both the RWS and FSM.  

 
Figure 6: AW159 FSM trim states across hover and 
low forward/aft speed, plotted against equivalent 
RWS flight test trim conditions, with CS-FSTD(H) 
bounds applied. 

Longitudinal stick position and pitch angle migrate 

out of acceptable range with higher forward speed, 

which is a regime the aircraft will likely operate in 

during SHOL assessments. Trim pedal position also 

migrates out of acceptable bounds with increasing 

forward speed. Pedal margin inaccuracy is of partic-

ular concern, as this can often be a limiting factor in 

determining SHOL. Lateral states (not shown) and 



collective position match flight test well, but engine 

torque is not compliant, if only marginally. All issues 

warrant further investigation and corresponding de-

velopment of the FSM to improve match. 

 
Figure 7: AW159 FSM response to a step input in 
longitudinal stick from hover, plotted against equiva-
lent RWS flight test response, with FSTD(H) bounds 
applied. 

The Wildcat’s dynamic response to a step input in 

longitudinal stick is graphed in Figure 7. The FSM’s 

initial peak in pitch rate response matches flight test 

well, but exhibits significantly higher damping over 

the medium term, resulting in a greater change in 

pitch angle for the FSM under the same applied 

input. Hence, neither pitch rate nor angle remain 

within CS-FSTD(H) 10% fidelity bounds over a me-

dium duration input. CS-FSTD(H) does not place 

numeric bounds on modelling of cross-couplings but 

does require that expected couplings act in the cor-

rect direction and magnitude. For the coupled roll 

response to this input, direction of roll displacement 

was correct, but attenuated compared to flight test. 

For the inverse coupling (pitch due to roll), the cou-

pling was absent. 

As discussed in the rationale, additional HQ analysis 

was performed to address some of the perceived 

gaps in the CS-FSTD(H) requirements, and capture 

fidelity of more pilot-relevant qualities of the aircraft. 

A selection of hover and low-speed HQ require-

ments from ADS-33E-PRF were analysed using 

desktop simulation and compared against flight test 

data, listed in Table 5. The listed HQ requirements 

are those deemed relevant to the typical SHOL fly-

ing tasks, but appropriate RWS data was only avail-

able to characterise a relatively small number of 

them. The HQ metric values are not included due to 

the sensitive nature of the data, but percentage dif-

ference between the RWS metric value are given 

and highlighted in accordance with the fidelity 

bounds from Ref. [24]: green within 10%, red be-

yond 10%. All tests were performed at nominal mass 

and environmental conditions, trimmed at hover in 

nil wind. 

Table 5: Comparison of AW159 RWS and FSM 
through ADS-33E-PRF handling qualities metrics 

ADS-33E-
PRF Req. 

Description RWS/FSM % 
Difference 

3.3.2.1 
Short term response 
to pitch/roll inputs 
(bandwidth) 

N/A 

3.3.2.3.1 
Mid-term response to 
pitch/roll inputs 

N/A 

3.3.3 
Moderate amplitude 
pitch attitude quick-
ness 

26.5% 

3.3.3 
Moderate amplitude 
roll attitude quick-
ness 

1.4% 

3.3.4 
Large amplitude 
pitch/roll attitude 
changes 

N/A 

3.3.5.1 
Short term response 
to yaw control inputs 

N/A 

3.3.5.2.1 
Mid-term response to 
yaw inputs 

N/A 

3.3.9.1 
Yaw due to collective 
cross coupling 

22.24% 

3.3.9.2 
Pitch due to roll cou-
pling 

66.7% 

3.3.9.2 
Roll due to pitch 
coupling 

73% 

3.3.10.1 
Height response 
characteristics 

N/A 

3.3.10.2 Torque response N/A 

3.3.10.3 
Vertical axis control 
power 

31.7% 



Roll qualities are represented well and fall within the 

10% fidelity bounds, but pitch response does not 

provide adequate match, which is consistent with 

findings of the CS-FSTD(H) analysis. Cross cou-

plings and vertical axis control power also do not fall 

within the required level 1 fidelity bound of 10%, or 

the level 2 bound of 20%. Deficiency in cross-

coupling, particularly roll from pitch was also noted 

in CS-FSTD(H) analysis. 

Ideally, these issues would be resolved before con-

tinuing to piloted simulation assessments, but further 

development of the FSM was not possible during the 

project timeline. However, modifications to fuselage 

aerodynamic modelling, main rotor wake, and tail 

rotor interference models are planned for further 

phases of the project to address these deficiencies. 

Full analysis of the suggested requirements is also 

preferable at a wider variety of flight conditions, cov-

ering mass, centre of gravity, wind and airspeed 

variations.  

Uncertainty characterisation and sensitivity analysis 

is also required on the FSM by MECCs 4 and 5, 

respectively. However, the inaccessibility of parame-

ters in the black-box model precluded addressing 

these factors. An approach to future compliance with 

these requirements has been agreed with LH, in-

spired by the processes reported in Ref. [28].  

3.4 FS Fidelity Assessment 

The inputs to the FS can be viewed as a combina-

tion of the FSM, and the physical qualities of the 

aircraft that are to be replicated. This includes cock-

pit field-of-view, control mechanical characteristics, 

flying control geometry, instrument panel geometry 

and many others. Much of this information was pro-

vided by LH via manufacturer design drawings, digi-

tal 3D models, and reports, but was further verified 

by physical measurements of the aircraft performed 

by FS&T. As such, the pedigree of inputs to physical 

design of the FS was high, with good verification 

performed. Integration of the FSM into the FS was 

also verified by performing step control inputs 

‘online’ in the FS, and repeating the same tests us-

ing the offline FSM and comparing resulting aircraft 

states for equivalence. 

To validate the FS (and also by extension the FSM), 

a piloted simulation trial was performed. Seven hov-

er and low-speed ADS-33E-PRF MTEs were select-

ed for testing in the HELIFLIGHT-R. The MTEs were 

selected for their relevance to the flying tasks re-

quired to perform the port forward-facing approach 

and landing described in Section 1. Precision hover 

and depart/abort manoeuvres were used to exercise 

similar handling qualities to the first two phases of 

the landing: deceleration to hover and hover along-

side. Sidestep and slalom MTEs approximated the 

transition across the deck, and a vertical manoeuvre 

served as an analogue for the final vertical descent 

and landing. Pirouette and hover turn MTEs were 

also used to exercise directional HQs that are gen-

erally relevant in hover and low-speed flight. The 

MTEs were performed using test courses defined in 

ADS-33E using cones and hoverboards.  Three 

examples of the test courses used for the MTEs are 

given in Figure 8. 

 

Figure 8: HELIFLIGHT-R visual cueing environment 
for ADS-33E-PRF MTEs: depart/abort (top), vertical 
manoeuvre (middle), pirouette (bottom) 

Each MTE was flown by three TPs and rated using 

HQR and SFR scales. Equivalent HQRs from the 

RWS were used as referent data for validation, and 

the resulting differences between average HQRs 

captured in the FS and RWS are given in Figure 9, 

along with average SFRs awarded by the TPs for 

each MTE flown. Accompanying error bars signify 

the range of ratings given by the TPs.  



Average HQRs matched exactly for the depart/abort, 

prevision hover and slalom MTEs, and were within 1 

rating for the hover turn and pirouette manoeuvres. 

Across the manoeuvres, pilots generally reported FS 

response was a good representation of the AW159 

in most axes, but a significant level of compensation 

was required on the collective control that would not 

be expected in the RWS. Pilot perception was that 

this deficiency was due to excessive sensitivity to 

collective inputs. This hypothesis is supported by the 

FSM analysis, which found significantly higher verti-

cal control power when compared to the RWS. This 

adaptation contributed to level 2 SFRs across all 

MTEs, with deficient vestibular motion cues and 

cockpit field of view inaccuracies cited as other 

causes by the TPs.  

The sidestep and vertical manoeuvre HQRs 

matched significantly more poorly. The sidestep was 

evaluated with a much higher HQR due to pilot ina-

bility to maintain altitude performance standards. 

The vertical manoeuvre was awarded a much lower 

HQR than the RWS on average. No commentary 

was available from RWS testing to justify the differ-

ence, but it is hypothesised that increased vertical 

control power in the FSM makes the task easier. 

 
Figure 9: Difference in average HQR between FS 
and RWS, and average SFR across tested ADS-
33E-PRF MTEs 

All average SFRs fell within level 2 and were above 

rating 4, indicating that the simulator warrants im-

provement before full or partial credit against a certi-

fication requirement could be claimed. In an effort to 

improve the SFRs for subsequent flight testing, fur-

ther renovations to the HELIFLIGHT-R were then 

made to improve flying control representation and 

further tune vestibular motion, vibration and audio 

cues. 

Uncertainty characterisation is a somewhat nebu-

lous concept when discussing piloted simulation, 

since the emergent nature of piloting makes FSM/FS 

uncertainties difficult to isolate. The accepted prac-

tice of averaging TP ratings across three pilots pro-

vides an approach to quantifying uncertainty in these 

experimental measurements through recording of 

the range of ratings with the average, as denoted by 

the error bars in Figure 9. The uncertainty in most of 

the captured ratings is low and generally spans only 

one rating. However, the uncertainty in the pirouette 

rating is noticeably higher at ±1.5, so should be 

treated with caution. Use of more pilots could enable 

more informative metrics like standard deviation of 

the rating but comes with cost implications. An ex-

tension of the process using to quantify uncertainties 

in the FSM could be applied to propagate FSM input 

uncertainties and test for effect on the FS compli-

ance metrics, but this would create a very wide test 

matrix for simulator testing, and it is unclear whether 

this level of uncertainty characterisation is neces-

sary. This approach was not possible with the initial 

black-box FSM regardless, but regulator input is 

sought on this matter to scope future work. 

A critical sensitivity for simulators with vestibular 

cueing systems is the tuning of motion platform 

gains. Motion cues were highlighted as a deficiency 

of the HELIFLIGHT-R in some MTEs, and limited 

tuning of heave axis gains was performed during the 

trial to address the most obvious deficiencies. These 

changes did improve both HQRs and SFRs when 

they were applied. Further testing is planned to as-

sess these sensitivities and optimise motion tuning 

parameters. Sensitivity in other simulator design 

parameters is very difficult to assess without signifi-

cant simulator redesign that can be prohibitively 

expensive. Like uncertainty characterisation, sensi-

tivity analysis of FSM input parameters would carry 

a high testing burden that may not be necessary, 

and discussion is needed to inform further efforts. 



3.5 FS/FSM Summary 

An initial fidelity assessment of an AW159 Wildcat 

AS model, provided by LH, has been completed. 

The model was assessed in isolation via offline pre-

dictive analysis, and through perceptual fidelity as-

sessment in UoL’s HELIFLIGHT-R simulator. Pedi-

gree of the inputs to the FSM is unclear, as the 

model was provided in a black box format. However, 

inputs to the FS are generally traceable and have 

been verified by UoL. Due to model access re-

strictions, code and solution verification, uncertainty 

characterisation and sensitivity analysis could not be 

performed.  

A validation assessment of the FSM has been con-

ducted by comparison of RWS data against the 

model using CS-FSTD(H) and ADS-33E-based fidel-

ity standards. Results show good agreement of lat-

eral performance and handling qualities metrics but 

minor deficiencies in the longitudinal and directional 

axes, and more significant deficiencies in the heave 

axis. Additional validation of HQRs awarded for 

ADS-33E MTEs was conducted, supporting the con-

clusions of offline analysis. Supplementary SFR 

ratings also indicate the AS model sits within fidelity 

level 2. Further development of the AS model is 

recommended to address the identified deficiencies 

in the FSM and to enable input V&V, uncertainty 

characterisation and sensitivity analysis in accord-

ance with RA 5812.   

4 Ship System Model 

The Ship System Model (SSM) is of equal im-

portance to the AS model in digital SHOL determina-

tion, but its definition is more limited in scope. Here, 

the SS term refers specifically to the dynamic factors 

associated with the ship that affect helicopter opera-

tions. These factors include the turbulent air flow in 

the lee of the ship superstructure and over the ship’s 

flight deck (known as the airwake), along with ship 

motions caused by a rough seaway. Other elements 

of the ship unrelated to AS operations are omitted. 

4.1 Assessment Rationale and Methodology 

Any assessment of the SSM must again satisfy the 

RA 5812 MECCs described in Section 1.2 if it is to 

be used in SA-R development. Like the AS, there is 

no definitive fidelity standard that covers SS models, 

so a combination of sources must be used to pro-

vide a basis for fidelity assessment. NASA-STD-

7009B can again be used to cover MECC 1 (data 

and input V&V), but defining mechanisms for meas-

uring compliance presents some significant chal-

lenges for this component of the SA-R framework. 

No sources have been found that establish fidelity 

bounds on the ship airwake, the most prominent 

element of the SS model. The ship airwake is typi-

cally modelled as a four-dimensional field of time 

varying air-velocity components, generated using a 

CFD model that captures the unsteady flow struc-

tures present in the wake of the ship.  

CFD modelling of ship airwakes is a well-established 

approach, with standards such as ASME V&V 20-

2009 outlining verification and validation processes 

for CFD more broadly. However, like NASA-STD-

7009B, they do not define fidelity bounds. Ref. [32], 

for example, established mean velocity and turbu-

lence intensity as useful metrics in ship CFD valida-

tion, but did not explore potential impact of variations 

in those metrics on pilot and aircraft performance 

during SHOL determination. If differences between 

the modelled and real-world environments are small, 

then discrepancies may go unnoticed by pilots oper-

ating in the simulated environment. However, if M&S 

fidelity is poor, a resultant predicted SHOL may be 

significantly compromised. As what constitutes a 

significant difference between M&S and referent 

data is currently unclear, the authors have designed 

and carried out a piloted simulation trial to establish 

new airwake fidelity bounds. This was achieved by 

artificially modifying airwake mean velocity and tur-

bulence and measuring variations in pilot workload 

and task performance during a simulated ship deck 

landing. The investigation and suggested bounds 

are reported on further in Section 4.3. 

After airwake fidelity bounds were established, they 

were used to validate M&S against experimental 

measurements of air flow over the chosen SS, the 

Royal Navy’s Type 23 frigate. Experimental meas-

urements were collected using FS&T’s large recircu-

lating water tunnel, and from anemometer data cap-

tured during at-sea trials of the Type 23. These data 

sets provide for the specific validation requirements 

of MECC 3. The NASA-STD-7009B verification fac-

tor has again been used to quantify efforts to verify 

code and solutions produced. 

MECCs 4 and 5 can also be assessed using the 

NASA uncertainty characterisation factors and re-

sults robustness factors for the SSM. ASME V&V 

20-2009 provides methodologies for quantifying 

uncertainty in CFD analysis that can be usefully 



applied in this situation. These uncertainties can be 

highly dependent on the applied solution discretisa-

tion approach (spatial and temporal), so grid con-

vergence studies are recommended to check that 

solutions are independent of grid sizing. These stud-

ies can be assessed using the ASME grid conver-

gence index as a measure of uncertainty minimisa-

tion. Input uncertainty can be propagated via Monte 

Carlo analysis, but due to the high computational 

cost of running ship CFD calculations, this approach 

has limited utility and must be applied sparingly. 

Latin hypercube sampling is advocated by ASME 

V&V 20-2009 to reduce the scope of Monte Carlo 

analysis efficiently. Uncertainties in RWS measure-

ments of the SS can also be high, so must also be 

considered for SSM validation. The proposed com-

pliance metrics for the SSM are collected in Table 6, 

with development of the new airwake fidelity bounds 

and validation carried out in the following sections.  

Table 6: Proposed compliance standards and met-

rics to satisfy the RA 5812 technical MECCs for ship 

system model component of framework 

MECC Proposed Compliance  
Standards/Metrics 

1. • NASA-STD-7009B M&S data pedi-
gree factor 

2. • ASME V&V 20-2009 

• Airwake turbulence intensity and 
mean velocity fields 

3. SSM verification: 

• NASA-STD-7009B M&S verification 
factor 

SSM validation: 

• Recirculating water tunnel model 
testing 

• RWS Air Flow Air Pattern data 

4. • NASA-STD-7009B M&S uncertainty 
characterization factor 

• ASME V&V 20-2009 grid conver-
gence index metric and Latin hy-
percube sampling method 

5. • NASA-STD-7009B M&S results 
robustness factor 

 

4.2 SSM Development 

In this section, the approaches to modelling both the 

ship airwake and the ship’s motions due to sea state 

are presented. There are several inputs to the SSM 

model, for both ship airwake and motion, and an 

evaluation of the fidelity of these inputs is discussed 

later in Section 4.4. 

4.2.1 Ship Motion 

SS motion is considered important in the simulation 

environment as it has the potential to significantly 

impact pilot workload during embarked operations. 

Furthermore, the pilot must land to the moving deck 

so the fidelity of the SS motions should be such that 

the simulation feels realistic. To develop realistic SS 

motion profiles, there are a few options to consider. 

If available, RWS ship motion data can be recorded 

and implemented in simulation; however, this may 

be limited to a few combinations of conditions (i.e., 

different sea states, wave headings etc.). Alterna-

tively, the SS motions can be simulated for various 

sea states, e.g., using tools such as ShipMo3D [33]. 

In the present study, the ship motions were supplied 

with the AS model provided by LH.  

A range of sea states were used for this study, be-

tween SS3 and SS6, selected to match the em-

barked trials where appropriate, or selected to best 

match the desired wind speed considering what 

would be a realistic scenario. The definitions of the 

scale used to define sea state is given in NATO 

Standardised Wave and Wind Environments and 

Shipboard Reporting of Sea Conditions [34]. 

4.2.2 Ship Airwake 

The CFD-generated airwakes for the Type 23 SSM 

were computed by UoL and are reported on in 

Ref. [35]. These airwakes were computed using the 

commercially available CFD solver, ANSYS Fluent, 

employing time-accurate Delayed-Detached Eddy 

Simulation (DDES). This CFD approach has been 

validated on several occasions [36], [37] and has 

been shown to be suitable for modelling ship air-

wake for the purpose of integrating with flight simula-

tion models [32]. 

There are several key steps involved in the ship 

airwake numerical modelling process, as illustrated 

in Figure 10, which include defining the solution 

domain and boundary conditions, generating a com-

putational mesh (i.e., spatial discretisation of the 

solution domain), generating CFD solutions (steady 

and unsteady), and processing the sampled data for 

the required application. Considering each of the 

steps outlined in Figure 10: 

• Step 1: It is important the solution domain (i.e., 

the solution boundaries and 3D ship model) and 

boundary conditions accurately represent the 



RWS, including using suitably realistic ship ge-

ometry and atmospheric wind conditions. 

• Step 2: For the CFD calculations, a viscous hy-

brid approach to generating a computational grid 

was applied, as employed previously by Ref. [38], 

whereby prismatic layers are used in near-wall 

regions to adequately model the boundary layer, 

and tetrahedral volumetric cells are used in the 

free-shear flow regions. When generating a com-

putational grid, it is important that it meets specif-

ic criteria to generate accurate solutions, and 

which are often dependent on the applied CFD 

approach. Therefore, a first attempt at a grid is 

typically generated and then a solution computed 

(i.e., Step 3a), typically using a steady Reynolds-

Averaged Navier Stokes (RANS) turbulence 

model so that the relevant checks can be carried 

out. In this instance, these checks include as-

sessing spatial and temporal resolution of rele-

vant turbulence scales (and ensuring the resolu-

tion is suitable for the DDES approach), as well 

as suitable resolution in the near-wall regions. To 

pass these checks, refinements of the grid in ap-

propriate regions are often required. 

 
Figure 10: Flow diagram illustrating an overview of 
the process for generating a ship airwake with CFD. 

• Step 3b: After the computational grid has passed 

the appropriate checks, the unsteady DDES solu-

tion is computed, where initial conditions are set 

to the steady RANS solution. It is also important 

to match the solver settings to the physics of the 

problem, and to optimize numerical settings and 

scheme selection for solution accuracy; a further 

discussion on this subject is made in Ref. [38]. 

Prior to data sampling, a solution settling time is 

required so that the air flow can reach a quasi-

steady state; this period is typically set to around 

two-and-a-half flow-passes of the ship, e.g., 

Ref. [38] . 

• Step 4: Finally, the airwake data that is exported 

during unsteady CFD computations is processed 

in preparation for integrations with the FSM. 

Following the approach outlined above, several air-

wakes were computed around the azimuth of rela-

tive wind directions, using a 40 kts reference WOD 

speed. The airwakes can be produced at one WOD 

speed per azimuth direction and then scaled in the 

simulation to different wind speeds (using Reynolds 

and Strouhal scaling as demonstrated in Ref. [12]), 

hence reducing the total number of required CFD 

simulations. These computed WOD conditions were 

chosen to capture the typical features observed in a 

SHOL for a frigate/destroyer, and a full list is provid-

ed in Table 7. Winds approaching from the port side 

are typically described as red (R), and green (G) 

from the starboard side. 

Table 7: WOD conditions for the computed ship 

airwakes. 

 WOD Azimuth (°) 
WOD 
Speed 

Head winds 0 40 kts 

Green winds 15, 30, 45, 60, 90, 135 40 kts 

Red winds 15, 30, 45, 60, 90, 135 40 kts 

Stern winds 180 40 kts 
 

4.3 Determination of Airwake Fidelity Bounds 

A piloted simulator trial was performed with the aim 

of assessing the impact of airwake variations on pilot 

workload and task performance. To determine suita-

ble airwake fidelity bounds for integration with FS, it 

is important to understand the effect that variations 

in the airwake have on the pilot and helicopter. 

4.3.1 e-CETI Ship Airwake Model 

To create artificial variations within the SSM air-

wake, FS&T utilised the enhanced-Control Equiva-

lent Turbulence Input (e-CETI) model developed in 

Ref. [9]. Although FS&T have the capability to inte-

grate full unsteady airwakes with the AS model, the 

e-CETI model was used to facilitate a flexible ap-

proach to creating airwake variants, with direct con-

trol over the compliance metrics defined in Table 6. 

The e-CETI turbulence model is characterised by a 

transfer function for each of the four control axes, 

[𝛿𝐿𝑎𝑡 , 𝛿𝐿𝑜𝑛𝑔, 𝛿𝐶𝑜𝑙𝑙 , 𝛿𝑃𝑒𝑑]. These functions are driven by 

a white noise generator (𝑤𝑛), and are parameterised 

by freestream wind velocity (𝑈∞), aircraft main and 



tail rotor radii (𝑅𝑚 and 𝑅𝑡), and the standard devia-

tion of the component airwake velocities [𝜎𝑢, 𝜎𝑣 , 𝜎𝑤]. 

The transfer functions are given in Equations (1) to 

(4) below: 

(1) 
𝛿𝐿𝑎𝑡

𝑤𝑛

= 0.837𝜎𝑤(𝑡)−0.6265√
𝜎𝑤

2𝑈∞

𝜋𝑅𝑚

[
1

𝑠 + 2
𝑈∞

𝑅𝑚

] 

(2) 
𝛿𝐿𝑜𝑛𝑔

𝑤𝑛

= 1.702𝜎𝑤(𝑡)−0.6265√
𝜎𝑤

2𝑈∞

𝜋𝑅𝑚

[
1

𝑠 + 2
𝑈∞

𝑅𝑚

] 

(3) 

𝛿𝐶𝑜𝑙𝑙

𝑤𝑛

= 0.1486𝜎𝑤(𝑡)−0.7069√
3𝜎𝑤

2𝑈∞

𝜋𝑅𝑚

× … 

[
𝑠 + 33.91 (

𝑈∞
𝑅𝑀

)

(𝑠 + 1.46
𝑈∞

𝑅𝑚
) (𝑠 + 9.45 (

𝑈∞
𝑅𝑚

)
] 

(4) 
𝛿𝑃𝑒𝑑

𝑤𝑛

= 1.573𝜎𝑣(𝑡)−0.6265√
𝜎𝑣

2𝑈∞

𝜋𝑅𝑡

[
1

𝑠 +
𝑈∞

𝑅𝑚

] 

The mean airwake velocity field was mapped onto 

the AS model through Airload Computation Points 

(ACPs), positioned across its aerodynamic compo-

nents. The [𝑢, 𝑣, 𝑤] airwake velocity components at 

each ACP, along with the standard deviations of the 

velocity components [𝜎𝑢 , 𝜎𝑣 , 𝜎𝑤] at the AS model 

centre, were obtained from spatial lookup tables. 

The mean and standard deviation velocity lookup 

tables were computed from the unsteady CFD-

generated airwakes of the Type 23 SSM, collapsing 

the three 4-dimensional matrices of the unsteady 

airwake components into six 3-dimensional matrices 

that were easier to modify and scale. 

The airwake turbulence intensity (TI, derived using 

𝜎𝑢, 𝜎𝑣 , 𝜎𝑤 as shown Eqn. (5)) was modified simply by 

multiplying the velocity component standard devia-

tions (that were integrated with the e-CETI model) 

by the desired scale factor, 𝑆𝐹𝑇𝐼. Scaling the com-

ponent standard deviations consequently scaled the 

total TI by the same factor. The equation for modify-

ing the TI is given in Eqn. (6). 

(5) 
𝑇𝐼 =

√1
3

(𝜎𝑢
2 + 𝜎𝑣

2 + 𝜎𝑤
2 )

𝑈∞

 
 

(6) [

𝜎𝑢

𝜎𝑣

𝜎𝑤

]

𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑

= 𝑆𝐹𝑇𝐼 ⋅ [

𝜎𝑢

𝜎𝑣

𝜎𝑤

]

𝑎𝑐𝑢𝑡𝑎𝑙

  

Applying a scale factor to the mean velocity field 

(𝑆𝐹𝑣𝑒𝑙) was complicated by the necessity that re-

gions of freestream flow were not affected by scal-

ing. For this reason, it was not suitable to simply 

multiply all velocity components by a scale factor, or 

to add an offset to the entire mean velocity field. 

Therefore, the approach taken was to scale the dif-

ference between the mean airwake velocity from the 

freestream WOD (referred to as the velocity pertur-

bation), which resulted in no modification to the 

freestream regions, whereas areas in the lee of the 

ship were scaled. The equation used to scale the 

airwake mean velocity field is given in Eqn. (7).  

(7) [
𝑢̅
𝑣̅
𝑤̅

]

𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑

= 𝑆𝐹𝑣𝑒𝑙 ⋅ ([
𝑢̅
𝑣̅
𝑤̅

]

𝑎𝑐𝑢𝑡𝑎𝑙

− [

𝑢∞

𝑣∞

𝑤∞

]) 
 

 

4.3.2 Trial Aircraft and Flight Simulator 

The aircraft simulation model used for the investiga-

tion was the National Research Council of Canada’s 

Bell 412 advanced systems research aircraft, which 

has capabilities for variable handling qualities [39]. 

The model was developed by FS&T in FLIGHTLAB, 

a state-of-the-art, finite element, selective fidelity 

modelling and analysis software package [40]. The 

Bell 412 model has seen extensive validation 

against RWS data in Refs. [41] and [42]. It was im-

plemented in the HELIFLIGHT-R simulator, de-

scribed in Section 3.2. Due to its similar rotor diame-

ter and mass, the 412 was selected as an analogue 

for the AW159 in this trial, which could not support 

integration of the e-CETI airwake. The handling 

qualities of the 412 were also modified for improved 

attitude quickness, close to that of the AW159. It 

was reasoned that the physical similarities between 

the two aircraft should equate to similarity in re-

sponse to equivalent ship airwakes, and hence any 

resulting fidelity bounds would be applicable to both 

aircraft. However, further work will investigate the 

sensitivity of turbulence and velocity bounds to air-

frame properties.  

4.3.3 Trial Results and Airwake Fidelity 

Bounds 

Using the UK Royal Navy port forward-facing ap-

proach, multiple ship deck landings were performed 

to the Type 23 frigate with the Bell 412 AS model. 

The approach and landing task was subdivided into 

four MTEs to allow for assessment of pilot workload 

at each phase of the task. As illustrated in Figure 1, 

the four MTEs were: approach to station keeping, 

lateral translation across deck, hover above landing 



spot, and landing. Pilot workload was assessed at 

each phase using the Bedford Workload Rating 

(BWR) scale [43], and pilot effort was assessed over 

the series of MTEs using DIPES. The MTEs were 

flown continuously without breaking between each 

phase of the overall recovery task. Test points were 

performed by at least two TPs wherever possible. 

The WOD conditions and scale factors that were 

investigated during this simulator trial are given in 

Table 8.  

Table 8: Wind-over-deck conditions investigated 

during airwake fidelity bounds study 

Wind  
Direction 

Wind 
Speed 

𝑺𝑭𝒗𝒆𝒍  𝑺𝑭𝑻𝑰  

HWD 

30 kts 
0.8, 0.9, 1.0, 
1.1, 1.2, 1.4 

0.8, 0.9, 1.0, 
1.1, 1.2 

40 kts 
0.8, 0.9, 1.0, 
1.1, 1.2, 1.4 

0.8, 0.9, 1.0, 
1.1, 1.2 

G30 

20 kts 
0.8, 0.9, 1.0, 
1.1, 1.2, 1.4 

0.8, 0.9, 1.0, 
1.1, 1.2 

30 kts 
0.8, 0.9, 1.0, 
1.1, 1.2, 1.4 

0.8, 0.9, 1.0, 
1.1, 1.2 

In the analysis of the simulator trial results, the rela-

tionships between the pilot ratings and the airwake 

scale factors (for both mean velocity and TI) were 

correlated with linear trendlines, and a selection of 

the results are shown in Figure 11 and Figure 12. 

For this discussion, the G30 cases are considered 

due to the presence of interesting flow features, i.e., 

shear layers and a high degree of turbulence. BWR 

shown are for the lateral transition MTE (across 

deck), since this is where these flow characteristics 

are most prevalent. 

Figure 11 shows the recorded DIPES and BWR 

values across the range of scale factors applied for 

mean velocity perturbation, for the G30 20 kts case. 

To reiterate, the scale vector is applied to the time-

averaged velocity perturbations from freestream 

wind speed. Hence, the scale factor does not 

change the freestream wind speed, just the relative 

strength of the steady-state structures in the ships 

airwake. The results show that as the mean velocity 

scale factor increased, pilot workload did not change 

significantly, with only minor differences shown in 

the BWR. Similarly, there is no variation in DIPES 

suggesting no changes in SHOL would occur within 

the explored range of scale factors. However, it may 

be anticipated that a change in SHOL may still oc-

cur, for example, if the helicopter was closer to a 

performance limit, where a small change in local 

wind speed may result in a limit being reached. 

Based on the apparent lack of sensitivity to the test-

ed variation, a 20% tolerance on mean velocity 

magnitude is proposed as an initial fidelity bound.  

 
Figure 11: Pilot ratings for the Bell 412 in a G30 20 
kts WOD, with varying e-CETI airwake velocity per-
turbation scale factor. DIPES ratings are for entire 
task, and BWR are for the lateral translation (across 
deck) MTE. 

The ratings shown in Figure 12, for the G30 30 kts 

WOD condition, show a clear increase in BWR when 

increasing the TI scale factor. To determine the sen-

sitivity of BWR to TI scale factor, the bounds for 

which a distinct change in BWR would occur were 

determined. These bounds were derived by using a 

line of best fit to calculate the change of TI scale 

factor required for a difference ±0.5 BWR. From this 

analysis, it is found that for ±0.5 BWR, the airwake 

TI must be accurate to within ±10% of the actual TI 

level. However, even though a clear change in BWR 

is observed in these results, there is no change in 

DIPES shown across the range of TI scale factor. 

This finding indicates that despite an increased 

BWR, the workload level is still tolerable for the test-

ed condition (consistent with the BWR 2-4 given in 

the trial). As discussed for the mean velocity scale 

factor, if the helicopter were closer to performance 

limits, then a change in DIPES may still have oc-

curred. 



 
Figure 12: Pilot ratings for the Bell 412 in a G30 30 
kts WOD, with varying e-CETI airwake TI scale fac-
tor. DIPES ratings are for entire task, and BWR are 
for the lateral translation (across deck) MTE. 

4.4 SSM Fidelity Assessment 

The characteristics of the SS model are strongly 

dependent on the geometry used in CFD and ship 

motion analysis, which is the primary input to this 

model. Geometry of the RWS is often simplified to 

omit small features that will have little practical effect 

on the airwake before generation of CFD meshes, 

which would require very fine resolution without 

these simplifications. However, there has been a 

reduction in the degree of simplification required for 

CFD since the airwakes were originally generated, 

and this could be improved on. It should also be 

noted that the geometry of the Type 23 itself has 

changed since the airwakes were computed, with 

large radar fences above the hangar removed. The 

geometry used in this investigation reflects the origi-

nal configuration of the Type 23. There is high confi-

dence in the geometry used and the experimental 

model was printed using the same 3D model as 

used in the CFD analysis.. 

Since the CFD analysis was performed using Ansys 

Fluent, a software package that has been verified 

against numerous standard cases [44], the codes of 

the SSM can also be considered verified. Setup of 

simulation and best practice for execution was veri-

fied independently by Frasier Nash Consultancy, 

with agreement on the geometry and associated 

simplifications. 

The metrics and fidelity bounds developed in Sec-

tion 4.3 have been applied to validate the SSM 

against referent data generated from scale model 

testing in FS&T’s large recirculating water tunnel. 

The water tunnel features a working section of 3.8 m 

long by 1.4 m wide, with an adjustable floor allowing 

water depth of up 0.85 m, providing uniform inlet 

velocities from 1 m/s to 6 m/s. For this assessment, 

it was used as a ‘wet wind tunnel’, with a model of 

the Type 23 submerged in the working section as 

shown in Figure 13. Flow data was collected with the 

use of a Nortek Vectrino Plus Acoustic Doppler Ve-

locimeter (ADV) probe, which was attached to a 

three-dimensional programmable traverse system 

mounted to the flume [32]. The traverse system al-

lows for positional accuracy and repeatability for 

each chosen sampling point.  

 
Figure 13: Schematic of the Type 23 model in the 
UoL large recirculating water tunnel working section. 

While use of a water tunnel allows closer Reynold’s 

number matching to that of a full-scale ship due to 

higher fluid density, there is still a significant differ-

ence between the two scenarios. Hence, to isolate 

potential Reynold’s number effects on the solution, 

CFD analysis of the water channel was performed to 

provide a midpoint between experiment and the full-

scale CFD to be used in simulator trials. Both full-

scale and model-scale CFD results were extracted 

at the same locations as the experimental meas-

urements to enable direct comparison. While the 

experimental measurements and corresponding 

CFD of the water tunnel have uniform inlets, the full-

scale Type 23 SSM airwake had a velocity profile 

applied at the inlet to best represent at sea condi-

tions.  

Figure 14 shows the comparison of velocity magni-

tude of the flow between the three datasets at vary-

ing heights above the centre of the ship landing 

deck, plotted against the ±20% velocity magnitude 

bounds that were identified in simulator testing. 

These boundaries are applied against the water 

tunnel experimental result, which is regarded as the 



referent for this investigation. Both the full-scale and 

model-scale CFD results fall within the 20% bound 

from the experimental measurements, with full-scale 

CFD matching better than model-scale, surprisingly. 

The reason for the difference between model-scale 

CFD and experiment is unclear and will be further 

investigated in future work.  

 
Figure 14: Comparison of mean velocity magnitude 
(normalised by freestream velocity) against height 
above deck (normalised by hangar height) between 
experimental and CFD results for a vertical profile 
over the flight deck. The derived mean velocity 
magnitude fidelity bounds applied to experiments. 

This measurement was repeated at multiple spots 

across the ship landing deck and good agreement 

between experiment and full-scale CFD was found 

throughout for mean velocity in a headwind condi-

tion. Further experimental measurements are re-

quired to validate the SSM airwakes at varying wind 

directions. 

Figure 15 shows the turbulence intensity for the 𝑣-

component of velocity for the three sets of data. As a 

result of the how the ADV probe functions, only the 

turbulence intensity in the direction of the probe can 

be accurately determined. The data was collected 

with the ADV fitted with a sideways probe, providing 

the turbulence intensity in the 𝑣-component. It can 

be observed that the turbulence intensity measured 

by the probe was lower than that in the CFD. The 

maximum difference was between the experimental 

measurements and the scaled CFD with a value of 

4.4% at hangar height. The agreement between the 

full scale CFD and the experimental measurements 

is closer with some values within ±1% turbulence 

compared to the experimental measurements, par-

ticularly around hangar height where a large portion 

of flying will take place.  

 
Figure 15: Comparison of lateral TI against height 
above deck (normalised by hangar height) between 
experimental and CFD results for a vertical profile 
over the flight deck. The derived TI fidelity bounds 
applied to experiments. 

Per ASME V&V 20-2009, uncertainty in the experi-

mental result should be quantified. Ref. [45] 

describes the uncertainty in the ADV probe 

measurements as a combination of steady-state 

bias and short-term random error. The former is the 

error that remains after long duartion time averaging, 

and is primarily driven by manufacturing defects. It is 

assessed in the product documentation as less than 

1%. Short-term random errors are expected to cover 

a distribution around the bias error and so can be 

mitigated by time averaging. Since mean velocity 

measurements necessarily require time averaging, 

these short-term errors are not expected to affect 

the experimental results. The steady state bias may 

shift the experimental result by 1%, which is not 

large enough to render the full-scale CFD non-

compliant. 

Since turbulence intensity is a measure of unsteadi-

ness in the flow, short-term errors in the measure-

ments will not be averaged out. Uncertainty of turbu-

lence measurements in the water tunnel has previ-

ously been assessed by measuring turbulence of 

undisturbed flow as described in Ref. [46]. That in-

vestigation concluded that uncertainty in the turbu-



lence measurements was approximately 1%. How-

ever, quantification of experimental uncertainty is of 

limited use if uncertainty of the M&S is unknown. 

This uncertainty analysis will likely require re-

computation of the CFD airwakes with a Monte Car-

lo approach, which has significant time and cost 

implications that were outside the scope of this pro-

ject. However, ASME V&V 20-2009 does provide a 

mechanism for efficient construction of Monte Carlo 

analysis via the Latin hypercube sampling method 

for generating input parameter samples without re-

quiring full-factorial analysis. Further work will apply 

this method to quantify uncertainty in the complex 

CFD wakes. 

Sensitivity analysis can again be expensive to per-

form for CFD cases with lengthy computation times, 

but a variety of factors can affect solutions. This 

includes the geometry simplifications previously 

discussed, numerical parameters of the CFD, inlet 

conditions and boundary layer models. Modelling of 

additional physics should also be considered that 

may include integration of ship motion to CFD anal-

ysis, consideration of ship exhaust and unsteady 

inlet conditions. Many of these sensitivities have 

been previously explored by FS&T in Refs. Such as 

[47], [48] and found modest improvements in fidelity 

that typically do not justify increased computation 

times but were not assessed for the Type 23 specifi-

cally. Sensitivity to numerical parameters was as-

sessed in model development (Section 4.2) via grid 

and timestep refinement.  

4.5 SSM Summary 

An initial fidelity assessment of the Type 23 SSM 

has been performed. Literature review highlighted a 

lack of applicable fidelity standards for ship air-

wakes, prompting a piloted simulation experiment to 

assess pilot sensitivity to varying airwake character-

istics. Pilot workload ratings from the trial have been 

used to define preliminary fidelity bounds on airwake 

velocities and turbulence intensity.  

The geometry and ship motion inputs to the SSM 

are of good pedigree and have been verified with 

independent partners, but the level of ship geometry 

simplification could be reduced with modern practic-

es. Verified commercial software was used for CFD 

analysis, so the model is considered adequately 

verified. Validation of the CFD airwakes was per-

formed against experimental measurements from a 

scale model of the Type 23 in UoL’s large recirculat-

ing water tunnel. Mean velocity components over the 

ship show good agreement between experiment and 

CFD, within the newly defined fidelity bounds. How-

ever, turbulence intensity did not consistently meet 

the proposed standard. While uncertainty in the ex-

perimental measurements has been quantified, fur-

ther analysis is required to assess sensitivity and 

uncertainty in the CFD analysis. 

5 Integrated Air & Ship System Models 

The integrated model is the combined AS and SS 

models, which can run in an offline or piloted mode, 

i.e. with or without the FS in the loop. It is the system 

ultimately used for determining a candidate SHOL.  

5.1 Assessment Rationale and Methodology 

Fidelity assessment of the integrated models pre-

sents a significant challenge as there is again no 

single applicable standard, and the ultimate aim of 

the framework is to enable SHOL prediction that 

informs, supplements, or eventually replaces em-

barked trials. Hence, integrated model testing will 

generally be performed in the absence of validation 

data. This is the primary driver behind the detailed 

assessment of the component AS and SS models, 

but some final assessment is important to ensure 

credibility of the integrated models.  

The integrated model’s only inputs are the two com-

ponent models, so the first MECC can be assessed 

as an extension of the AS and SS models input, 

verification and validation factors. Metrics for com-

pliance of M&S fidelity are somewhat difficult to de-

fine due to the emergent nature of SHOL testing, but 

the DIPES ratings that must be captured for compli-

ance with Def. Stan. 00-970 are a useful measure 

and are here proposed as the primary validation 

metric. In the proposed framework, the integrated 

AS and SS models are first used in an offline mode 

for prediction of the SHOL. This approach is useful 

to limit the amount of piloted simulation required, 

and hence test pilot time investment. However, there 

are currently no methods that provide a DIPES rat-

ing based on offline analysis, so validation cannot be 

performed following offline analysis, only following 

piloted simulation. It is also suggested that the SFR 

scale is applied as a validation metric, as in FSM/FS 

validation. If assessment of the integrated model is 

performed before embarked test, it should be re-

assessed once data becomes available before sub-

mission as evidence for SA-R.  



As before, NASA-STD-7009B uncertainty character-

isation and results robustness factors can be used to 

show some level of compliance with MECCs 4 and 

5, although the most appropriate method of propa-

gating uncertainties and sensitivities through the 

component models is currently unknown. A sum-

mary of the proposed compliance metrics for the 

integrated model are given in Table 9. 

Table 9: Proposed compliance standards and met-
rics to satisfy the RA 5812 technical MECCs piloted 
SHOL assessment component of framework 

MECC Proposed Compliance  
Standards/Metrics 

1. • Extension of AS/SS model fidelity 
assessments as inputs to integrat-
ed system 

• NASA-STD-7009B M&S data pedi-
gree factor 

2. • DIPES rating 

• Simulation fidelity rating 

3. Verification: 

• NASA-STD-7009B M&S verification 
factor 

Validation: 

• Embarked SHOL trial data and 
DIPES ratings 

4. • NASA-STD-7009B M&S uncertainty 
characterization factor 

5. • NASA-STD-7009B M&S results 
robustness factor 

 

5.2 Integrated Model Development 

The AS and SS models were integrated using the 

SAIF approach and toolset for piloted simulation 

mentioned in Section 3.2 [30]. For offline analysis, 

the SSM was integrated directly into the AS 

MATLAB/Simulink interface. The conceptual ap-

proach for both systems is diagrammed in Figure 16. 

The airwakes are interpolated from unstructured 

CFD data onto a structured grid and are then de-

ployed as data lookup tables of airwake velocity 

components. At AS model runtime, the data are 

spatially and temporally interpolated to determine 

the airwake velocity perturbations at ACPs distribut-

ed over the aircraft flight dynamics model. 

As required by RA 5812 MECC 3, verification 

checks were completed to ensure that integration of 

the airwakes with the AS was completed correctly. 

This is performed via cross-checking the airwake 

velocity components at the AS ACPs against the 

source CFD data. This includes checking that the 

airwake is correctly positioned relative to ship, 

moves appropriately with the ship, and blends ap-

propriately to freestream wind conditions outside the 

airwake. 

 
Figure 16: Process for integrating the ship airwakes 
with a flight dynamics model. Figure from Ref. [49]. 

5.3 Offline SHOL Prediction 

As discussed in Section 1.1, SHOLs are typically 

defined by four factors that depend on relative wind 

azimuth over the ship (also discussed by Refs. [50] 

and [51]. The factors can be approximately attribut-

ed to four quadrants around the wind azimuth:  

1. Pilot workload due to turbulence and deck mo-

tion (captured via DIPES), typically limits SHOL 

in the forward quadrant. 

2. Pedal authority limits that arise in the left and 

right abeam quadrants due to the combined ef-

fects of steady-state trim and the transient con-

trol inputs required to maneuver and maintain 

stability. 

3. Engine performance limits, primarily torque, 

typically limiting in aft quadrant. 

4. Undercarriage limits for dynamic rollover typical-

ly encountered during high deck attitudes, and 

ultimate load limits most often encountered in 

winds from the aft quadrant. 

To predict a SHOL without a pilot-in-the-loop, analy-

sis must account for all these factors. The authors 

have constructed a process for predicting a SHOL 

boundary through offline analysis using a synthesis 

of tools previously developed by FS&T and new 

techniques to capture the various limiting factors. 

The process for offline SHOL prediction is dia-

grammed in Figure 17.  



 
Figure 17: Offline SHOL prediction framework using 
existing FS&T-developed tools 

The integration of the AS and SS models is followed 

by analysis with two primary tools: SIMSHOL, which 

integrates a pilot model with the AS and SS to per-

form recovery tasks [9], and the Virtual Air Dyn 

(VAD), which quantifies unsteady air loads on the 

AS [8]. Further tools are applied to their outputs: 

Machine Learning (ML) approaches to predicting the 

level of pilot workload from pilot control histories 

[52], and analysis via an ADS-33E criterion. The 

dashed line in the process (Figure 17)  indicates a 

new approach that has yet to be validated, while 

solid lines are established processes. The data gen-

erated using these offline tools is combined with 

aircraft trim limits derived from the FSM, which de-

fine the steady-state pedal margins that will limit 

SHOL in some wind azimuths.  

The SHOL prediction methodology was applied to 

the integrated AW159/Type 23 model described in 

Section 5.2. The resulting predicted SHOL is re-

garded as sensitive data so is not published here, 

but some of the key results produced from novel 

approaches are included in a non-dimensionalised 

form. The steady-state pedal trim margins were es-

tablished via trim sweep of the FSM in varying wind 

conditions. Any condition that gave a pedal margin 

of less than 10% was deemed unacceptable as per 

Def. Stan 00-970 Part 7 requirement 2.3.3.1. 

5.3.1 SIMSHOL Digital Pilot Model  

SIMSHOL is a desktop-based predictive simulation 

tool for supporting SHOL analysis. It employs an 

integrated pilot-vehicle-environment model to exe-

cute SAI recovery tasks. The tool outputs equivalent 

data expected from an embarked or piloted simula-

tion trial, including AS body states, engine perfor-

mance and pilot control activity. The first iteration of 

SIMSHOL used a linear aircraft model with an 

e-CETI ship airwake, controlled by a multiloop struc-

tural pilot model, with an objective optimisation loop 

[53]. A complete description of the SIMSHOL archi-

tecture is outlined in Ref. [54]. For the present re-

search, SIMSHOL has undergone significant devel-

opment to integrate the full nonlinear FSM and SSM 

described in Sections 3.2 and 4.2 respectively. In 

the context of the four SHOL limiting factors, 

SIMSHOL allows investigation of transient control 

margins, engine performance and undercarriage 

loads on touchdown, but cannot capture pilot work-

load in isolation. 

Previous research by FS&T has explored correla-

tions between pilot control activity and workload 

using attack metrics but fell short of a cohesive 

model [55]. ML offers a novel approach to defining 

this link by uncovering patterns within the data. 

Ref. [52] describes a ML tool trained to predict the 

limit of pilot workload using control activity from past 

SAI recovery tasks. This tool is applied to the control 

responses generated using SIMSHOL in different 

WOD conditions, thereby predicting the operational 

boundary where pilot workload would cause a DI-

PES rating of 4 or 5 to be awarded, though it cannot 

predict discrete DIPES ratings.  

The SIMSHOL tool was applied to the integrated 

AW159/Type 23 model to test transient control mar-

gins, torque limits and undercarriage loads. Full 

application of SIMSHOL to this aircraft is yet to be 

completed, dependent on more robust pilot model 

gain tuning and validation against piloted recovery 

control activity. Hence, further ML workload predic-

tion is required on remaining SIMSHOL conditions. 

While SIMSHOL has the potential to address all 

SHOL limiting factors, the pilot control activity pre-

dicted by SIMSHOL is unvalidated, so additional 

tools were sought to build confidence in the outputs. 

5.3.2 Virtual Air Dyn 

The FS&T’s VAD tool was first reported on in 

Ref. [8]. The tool first trims the AS model in 

freestream conditions before positioning it at dis-

crete locations within an airwake volume. At each 



point, the AS linear and rotational displacement 

states are frozen, which allows the resultant forces 

and moments induced by the SS airwake to be ex-

amined over time. Hence, the expected linear and 

rotational accelerations can be estimated, which can 

be used as an indicator of pilot workload when com-

bined with other tools discussed below. 

The outputs of the VAD can be assessed in multiple 

ways, including the ‘Transient Following a Failure 

(TFF)’ criteria detailed in ADS-33E-PRF [23]. This 

design standard states that any ‘transient following a 

failure or combination of flight control system failures 

shall be recoverable to a safe steady flight condition 

without exceptional piloting skill’. Maximum values 

for transient attitude changes and linear accelera-

tions are defined for each AS HQ level, given in 

Table 10.  

Table 10: ADS-33E-PRF hover and low speed crite-

ria for Transients Following a Failure [23]. 

HQ Level Hover & Low Speed Requirements 

1 Roll, pitch, yaw < 3⁰, 𝑛𝑥 , 𝑛𝑦, 𝑛𝑧 < 0.05g 

No recovery action for 3 s 

2 Roll, pitch, yaw < 10⁰, 𝑛𝑥, 𝑛𝑦 , 𝑛𝑧 < 0.2g 

No recovery action for 3 s 

3 Roll, pitch, yaw < 24⁰, 𝑛𝑥, 𝑛𝑦 , 𝑛𝑧 < 0.4g 

No recovery action for 3 s 

The TFF criteria have been previously applied to an 

AS model encountering a wake vortex in Ref. [56], 

where it was reasoned that a wake encounter can 

cause similar excursions in state to an AS failure. 

This TFF analysis was applied in the present re-

search using the VAD to determine the maximum 

attitudes and load-factors induced by the airwake, 

which were assessed against the hover and low 

speed TFF limits in each aircraft axis.  

Table 11: Handling Quality Level Definitions [27]. 

Level Description 

1 Task achieved without excessive pilot work-
load. 

2 Some degradation in task effectiveness or 
increase in pilot workload or both. 

3 Aircraft can be controlled but with severe task 
degradation. The total workload of the pilot is 
approaching the limit of their capacity. 

4 Inability to complete task required. Allowed 
only in special circumstances.  

The HQ levels follow their standard definitions as 

per Table 11, which echo the levels defined by the 

Bedford workload rating scale. The level 2/3 bound-

ary is also analogous to the DIPES 3/4 boundary 

that defines the acceptable SHOL boundary. This 

novel approach to workload limit prediction is thus 

far unvalidated, and a future simulator trial is 

planned to investigate whether a robust correlation 

exists. 

The peak accelerations and angular displacement 

induced by the SS airwake on the AW159 FSM were 

assessed using this approach for a range of WOD 

conditions over a 30 second time period. All linear 

and angular axes were considered, but the most 

limiting case was in heave acceleration, which is 

typically the axis most affected by atmospheric tur-

bulence.  

 
Figure 18: Handling qualities level according to the 
ADS-33E transients-following-a-failure criteria of the 
AW159 AS in varying wind-over-deck in the Type 23 
SS airwake. 

The resulting HQ levels per the TFF criteria are plot-

ted across the WOD envelope in Figure 18, showing 

degradation in aircraft HQs to level 2 for increasing 

wind speed in the forward quadrant. However, no 

level 3 conditions were encountered in the tested 

condition, suggesting that the SHOL will not be lim-

ited by turbulence-induced pilot workload. Validation 

of this prediction is required via correlation with pilot 

opinion scales, which is planned for future phases of 

work. 



The VAD outputs can also be analysed using statis-

tical analysis to explore not only peak loads and 

displacements, but time-varying accelerations on the 

AS. Ref. [8] established that airwake disturbances 

that drove pilot compensation in the frequency range 

of 0.2-2Hz were the primary determiner of pilot work-

load, with higher frequency effects experienced as 

airframe vibration, and lower frequency effects a 

challenge for guidance rather stabilisation. This 

phenomenon can be analysed through the standard 

deviation of accelerations, computed via the integral 

of power spectral density of aircraft accelerations 

between the identified frequency limits. This ap-

proach has shown correlation of the statistical met-

rics with workload, but further work is required to 

define acceptable/unacceptable limits via this ap-

proach.  

 
Figure 19: Standard deviation of heave acceleration 
in the 0.2-2 Hz frequency range of the AW159 AS in 
varying wind-over-deck conditions in the Type 23 SS 
airwake. 

The same VAD results used for the TFF assessment 

were analysed using the statistical metrics, and the 

equivalent heave results are shown in Figure 19. 

Higher levels of standard deviation in acceleration 

are seen in the forward quadrant for increasing 

WOD speed as expected. This compares well with 

the TFF predictions and provides more detailed in-

formation but requires further work to correlate with 

workload boundaries. The ML approach used with 

SIMSHOL provides one avenue to defining this rela-

tionship, and outputs of piloted trials in the RCAT 

are currently being used to train a model that can 

identify pilot workload without the need for control 

activity data using that approach. 

The limits predicted by each of the tools are then 

collated to estimate the SHOL boundary. This pre-

dicted SHOL can then be used to inform design of 

piloted simulation trials via identification of critical 

test points and can perform part of the evidence for 

SA-RLE or SA-R once validated against embarked 

trial data. 

5.4 Integrated Model Fidelity Assessment 

The inputs to the integrated model are the AS and 

SS models, so the input pedigree is based on the 

V&V performed for those components models, as 

described in Sections 3 and 4. Both models have 

shown some deficiencies against validation data, 

with the AS model generally assessed between a 

fidelity level 2 and 3 (warranting improvement/not fit 

for purpose), and the SSM exhibiting higher levels of 

airwake turbulence around the ships landing deck 

that were outside the fidelity bounds developed in 

Section 4.3. As such, the pedigree of inputs to the 

integrated model require improvements, which are 

planned for future phases of work. Per Section 5.2, 

verification of the integration was performed by 

cross-checking airwake velocities in CFD and 

through AS ACPs.To explore the validity of the inte-

grated model and predicted SHOL, a piloted simula-

tion trial was conducted in the HELIFLIGHT-R FS, 

again performing launch and recovery operations to 

the Type 23 frigate using the MTEs described in 

Section 4.3, but with an additional launch MTE in-

cluded. The aims of the trial were to validate the 

integrated AS and SS models against embarked trial 

data through capture of DIPES and SFR ratings, and 

to determine the operational boundary for a candi-

date SHOL.  

Several upgrades were made to the HELIFLIGHT-R 

FS in response to feedback from the first two simula-

tor trials, including addition of a vibration cueing 

system, renovation of flying controls, a refactored 

instrument panel with more representative field of 

view, and improved audio and visual cueing. Im-

proved visual cueing was achieved through devel-

opment of new Unreal Engine 5-based image gen-

eration software, an example scene from which is 

shown in Figure 20. 



 
Figure 20: HELIFLIGHT-R visual environment for 
piloted SHOL assessment 

WOD condition, aircraft configuration and sea state 

of launch and recovery tasks were extracted from 

the embarked trial data set to define 15 validation 

points. The accompanying DIPES ratings and suffix-

es assigned to each condition served as the valida-

tion data. These points were repeated in the 

HELIFLIGHT-R by a team of four TPs, awarding 

DIPES and SFR ratings for each condition. SFRs 

were awarded against the TPs recollection of the 

RWS in the test condition, as one had also been a 

TP in the FoCFT for the Wildcat and Type 23. The 

awarded SFRs should be treated cautiously, as the 

pilots were intentionally not reminded of the RWS 

performance for that condition before rating. This 

choice was made to ensure that DIPES ratings were 

awarded ‘blind’ to avoid influencing TPs toward the 

RWS ratings. Hence, it was difficult for pilots to re-

call exact details of each WOD condition when 

awarding the SFR.  

The variation in DIPES rating between RWS and 

simulator is graphed in Figure 21 on a typical polar 

SHOL plot. Green markers indicate that DIPES rat-

ing from the simulator trial matched the RWS, yellow 

markers indicate the rating was within 1 point, and 

red markers 2 points. DIPES ratings were mostly 

higher than the RWS with some significant variation 

in the suffixes awarded to denote causal factors in 

the rating. This is somewhat expected due the defi-

ciencies identified in the AS and SS models, but a 

range of factors were captured well, particularly ship 

deck motion. From six conditions where deck motion 

was identified as a causal factor for the RWS DIPES 

rating, five were also identified as limited by deck 

motion in the FS. 

 
Figure 21: Difference in DIPES ratings between 
embarked and simulator trials for AW159 to Type 23 
launch and recoveries. 

SFRs awarded for the validation points varied be-

tween SFR 5 and 7, crossing the border into level 3 

fidelity. The most consistently raised factors were 

collective sensitivity and deficient audio cueing, 

which reduced pilot confidence in collective strategy 

and torque management significantly. The level 3 

ratings were generally awarded to conditions where 

the aircraft’s heading hold functionality was saturat-

ed and the pilot had to make additional inputs, which 

they felt was not representative. 

Following assessment of the fifteen validation points, 

further WOD conditions were assessed to evaluate 

where the SHOL boundary would sit. Interestingly, 

the boundary was found to be very similar to the in-

service SHOL, even though DIPES ratings inside the 

envelope had been evaluated higher than the RWS. 

It is possible that the capability limit of the RWS is 

wider than the cleared SHOL but was limited by 

availability of conditions during embarked trials. This 

would go someway to explaining the difference in 

DIPES ratings, but similarity in SHOL boundaries. 

Further work is required to improve fidelity of the 

component AS and SS models to improve match of 

the validation points before the outputs of the inte-

grated model can be applied for determining a can-

didate SHOL.    

As previously discussed in Section 3.4, uncertainty 

and sensitivity analysis in the context of piloted 



simulation is a relatively unexplored area. This is 

especially true for the integrated model where uncer-

tainties and sensitivities from both the component 

models are of concern. The level of effort required in 

this area must be discussed with regulators to inform 

further research. However, the integration process 

does create some unique sensitivities that should be 

analysed; the relative spacing of the airwake interpo-

lation grid and spacing of aircraft ACPs can signifi-

cantly affect response of the AS to SS airwake. This 

issue has been explored in Ref. [54], which conclud-

ed that ACP density should be equal to or greater 

than airwake grid spacing for best results. Increasing 

ACP density further did not affect AS response to 

the airwake. However, the most appropriate airwake 

grid resolution for aircraft of different sizes is yet to 

be explored. Grid sizing ultimately determines the 

size of flow structures that can be resolved, and 

while small flow structures may not affect large air-

craft significantly, they may be more critical in mod-

elling smaller, typically unmanned platforms. This 

sensitivity should be explored for future applications 

to platforms of different scales.  

5.5 Integrated Model Summary 

The component ship and air system models have 

been integrated and assessed via a new offline 

SHOL prediction process, as well as piloted simula-

tions. Offline SHOL prediction integrates previously 

developed SIMSHOL and Virtual Air Dyn tools with 

new analysis techniques based on machine learning 

and HQ metrics. The pedigree of inputs to the inte-

grated model is assessed as the propagated fidelity 

of the AS and SS models, so the deficiencies identi-

fied in Sections 3 and 4 reduce its credibility. Verifi-

cation of the integration was performed via airwake 

spot checks and is considered well verified.  

The integrated model was validated through a pi-

loted simulation trial using DIPES ratings captured at 

sea as referent data. DIPES ratings in the FS ex-

ceeded embarked trial ratings by an average of 1 

point. SFRs also indicated relatively low fidelity, 

attributed to the compounded deficiencies in the 

component models. Collective control response and 

audio cueing were identified as key fidelity issues 

and will be addressed in future development. Uncer-

tainty and sensitivity of the defined validation metrics 

is challenging due to the number of contributing 

factors and has not been explored thus far. Further 

research and engagement with regulators is recom-

mended to better scope future effort required.  

6 CONCLUSIONS 

The conclusions of the work presented thus far are 

as follows: 

1. The regulatory environment in UK defence avia-

tion is conducive to the use of M&S in clearance 

of aircraft operations to naval vessels. M&S of-

fers significant potential for cost-savings and risk 

reduction in determination of Ship Helicopter 

Operating Limits (SHOL) for future aircraft/ship 

combinations. 

2. A framework for generating evidence to support 

RTS/SA-R based on M&S has been proposed. 

The framework incorporates lessons from recent 

civil certification by simulation work, with inde-

pendent fidelity assessment of the aircraft and 

ship models forming a critical foundation prior to 

integration for SHOL prediction. 

3. Each component of the digital clearance frame-

work has been discussed, and fidelity assurance 

standards have been drawn from existing litera-

ture wherever possible. The proposed standards 

have been selected to comply with the require-

ments of RA 5812, the MoD’s regulation govern-

ing use of M&S in airworthiness decision mak-

ing. 

4. A review of fidelity standards applicable to ship 

airwake models identified a lack of established 

criteria. In response, initial fidelity standards for 

airwake velocity and turbulence intensity have 

been defined following a piloted simulation ex-

periment.  

5. While this work is tailored to the UK defence 

aviation regulatory context, the proposed 

framework and compliance metrics are interna-

tionally recognized and should map to equiva-

lent clearance processes in other countries.  

6. A new process for predicting SHOL using offline 

tools has been proposed that does not rely on 

pilot-in-the-loop simulation. The process builds 

on existing tools developed by the authors, with 

new analysis techniques to bridge capability 

gaps. Further validation is required to establish 

its suitability for operational use.  

7. A limited application of the proposed framework 

to an exemplar ship-helicopter pairing (the 

AW159 Wildcat and Type 23 frigate) has been 

presented, with reference to expected compo-

nents of analysis defined in RA 5812. A range of 

deficiencies have been identified in the initial air 

and ship models which adversely affect valida-

tion of the integrated systems. Further work is 



planned to develop and validate these models 

using the feedback mechanisms embedded in 

the digital clearance framework to build assura-

ble evidence in support of SA-R. 
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