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Abstract. During the conceptual design phase of civil aircraft systems, it is
imperative that engineers accurately establish the functional representation of
the system and ensure its correctness to provide a solid foundation for subse-
quent detailed design. Traditional document-based methods for functional repre-
sentation frequently result in ambiguity, making it difficult to precisely commu-
nicate design requirements. Therefore, the academic community is committed to
using model-based system engineering to achieve functional representation. How-
ever, existing model-based functional representation techniques primarily focus
on describing functional input/output, rather than explicitly expressing functional
input/output conversions, which can impede system engineers from verifying
functional completeness. In response to this issue, this paper proposes a func-
tional quantitative modeling approach for civil aircraft systems based on SysML.
Firstly, a quantitatively-analyzable flow model is established, and a general func-
tional model of integrated structure, state, and behavior is subsequently developed
based on this flow model. Next, a hierarchical functional model of the system is
introduced. Finally, to verify the proposed approach, the elevator surface control
system is employed as an example, and a quantitative analysis of the functional
model is presented.

Keywords: Model-Based Systems Engineering - SysML - Functional
Modeling - Quantitative Analysis - Civil Aircraft System

1 Introduction

In recent years, complex products have become increasingly complex. Compared with
traditional mass-manufactured products, their complexity is reflected in the multi-field
coupling and correlation, the complex composition of systems and subsystems, the high
degree of coupling, complex functions and functional levels, and complex R&D organi-
zations [1]. During the conceptual design process of civil aircraft systems, engineers need
to comprehensively design the aircraft system, clearly describe the relevant functional
requirements, and conduct reasonable verification of the system and internal functions,
so as to convey clear design intentions and technical requirements to project participants.

Document-based systems engineering has been difficult to meet the requirements of
functional accuracy, completeness, and process description, while model-based system
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engineering (MBSE) is gradually applied to the design of complex product systems,
which can identify possible faults and design defects in advance [2]. MBSE can carry
out unified modeling management on various design elements in the design process to
ensure the consistency between system design data [3]. MBSE can realize the structured
expression of functions and provide support for the structured expression of system
functions.

According to the study of Chen et al. [4], function refers to the abstraction of the
system’s effect on its external environment (object) formed in the brain of engineers,
so as to expect to change the unsatisfactory external environment (object) to achieve a
satisfactory state. Functional representation is the basis of functional modeling, and the
representative functional representation methods include: 1) Gerund pair representation,
where the verb represents the action performed by the functional object, and the noun
represents the functional object; 2) Input-output stream representation, according to the
design theory of Pahl et al. [5], the objects of input and output stream can be matter,
energy, information and their sub-types; 3) Integrate the representation of verbs and
input-output streams, that is, verbs are used to express the purpose of functions, and input-
output streams are used to express the interaction between environment and functional
object.

With the development of MBSE, there are more and more model-based functional
representations, each with its own characteristics. For example, the Function—Behavior—
Structure (FBStr) model proposed by Gero et al. [6] focuses on the design process
of transition from intent to structure. The Function—Environment-Behavior—Structure
(FEBS) model proposed by Deng et al. [7] focuses on the impact of environment on
function. The Function—Behavior—State (FBS) model proposed by Umeda et al. [8]
focuses on the connection between function and behavior. The Structure-Behavior—
Function (SBF) model proposed by Goel et al. [9] focuses on the relationship between
system structure and function. The ontology-based product function description model
proposed by Guo et al. [10], focusing on functional semantics and reasoning. The State-
Behavior-Function (SBF) model proposed by Chen et al. [ 11] focuses on the relationship
between the state change of system structure and the transformation of input and output
streams.

Although existing model-based functional representation methods can effectively
describe the qualitative aspects of functions, they lack the capability to enable quantified
representation and verification of input/output flows in functions. Consequently, they are
unable to support the comprehensive representation and verification of system functions.

To address the aforementioned challenges, it is necessary to express the flow and
its transformation and conversion involved in the civil aircraft system function, estab-
lishes a functional model that can be qualitatively or quantitatively analyzed, which
in turn provides the foundation for quantitative analysis and verification of the system
function. Specifically, this paper proposes the establishment method of flow models for
quantitative analysis based on SysML, in addition to general functional models that inte-
grate structure, state, and behavior based on the established flow model. Moreover, the
paper proposes a representation method for the hierarchical functional model. Finally,
using the elevator surface control system as an example, this paper illustrates how to
establish the general functional models, hierarchical functional model, and how to carry
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out quantitative model simulation. This example provides a basis for system functional
verification.

2 Flow and General Functional Modeling

Existing functional modeling methods often ignore the structural expression of func-
tional flow, and use a noun to represent the input/output flow, which can satisfy the
simple representation of functions, but cannot express the relationship between output
flow and input flow. For example, it is difficult to determine whether the value of the
flow attribute and the type of the flow have changed after the input flows through the
functional principal. For this reason, this section provides a modeled representation of
the input/output flow, so that the relationship between the input/output flows and the
function can be more accurately described.

This section also expresses the function in a structured way. The general functional
model refers to a model that integrates structure, state, and behavior without considering
the internal composition of the functional object during the modeling process. It can be
used to describe the input and output flow, internal state, behavior, etc. In the conceptual
design stage of civil aircraft systems, functional modeling is procedural. When a system
does not consider internal components, a general functional model of the system can
be established; when a function cannot be separated, a general functional model can be
established. Based on the flow model, a qualitative/quantitative functional model can be
established to provide a basis for quantitative analysis of the general functional model.

2.1 Flow Model Establishment

Flow is the medium through which functional objects interact with the environment,
including material flow, energy flow, and information flow. Flow modeling is the process
of modeling and expressing flows, that is, to describe flow types and attributes in the form
of “type name + attribute set”, where “attribute set” is optional. The attributes referred to
in this article include physical attributes, chemical attributes, etc., and flow attributes refer
to the attributes related to participation in the flow and functional utility (the interaction
between the functional object and the environment). For example, electrical energy
flow can be used as a flow to participate in some functional utilities. The attributes of
electrical energy objects generally include current, voltage, power, frequency, etc. When
functional utility involves energy conversion (such as transforming electrical energy into
light energy or mechanical energy), the attributes involved in the functional utility may
be current, voltage, and power, so current, voltage, and power can be regarded as the
flow attributes of electric energy, while frequency is not regarded as its flow attributes.
The basis of functional utility quantitative analysis is that the input/output flow has
attributes, and the corresponding attributes have certain constraints. When quantitative
analysis is required, the flow must have attributes with definite constraints, but when some
constraints are clearly understood in the upstream and downstream of the design, the
corresponding constraints do not be displayed. It should be noted that the quantitative
analysis does not mean that the results of functional modeling include the principle
understanding. The quantitative analysis mentioned here is only related to the attributes of
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the input/output flow, and has nothing to do with the functional principle understanding.
The Block Definition Diagram (BDD) of SysML is a structural diagram that can be used
to describe a complex flow model. The block elements in it can describe a single flow
model, and are generally identified by a partition box with <<block>>. For example,
when performing a qualitative analysis on an electric lamp, the input flow (electricity)
may not contain any attributes, as shown in Fig. 1; when performing a quantitative
analysis on it, since the electric lamp has a voltage requirement for the electricity flow,
the electricity flow model must include the attribute of voltage at this time, and the
voltage needs to be defined clear constraints, as shown in Fig. 2.

«block»
electricity

Fig. 1. Electricity flow for qualitative analysis

«block»
electricity

constraints

210V <voltage <230 V

values
voltage : V

Fig. 2. Electricity flow for quantitative analysis

2.2 The Structure of General Functional Model

The structure of the general functional model consists of internal flows, input/output
flow ports, flags, etc. The internal flow is an intermediate flow in the transformation
and conversion process of the input and output flow; the input/output flow port is the
channel through which the functional object interacts with the environment, that is, the
transmission channel of the flow; the flag is an object used to describe the internal state or
characteristics of the model. A block in BDD can describe a single model structure: the
internal flow and input/output flow ports of a functional model can be described by the
component attributes of the block; flags can be expressed by the component attributes or
value attributes of the block. The Internal Block Diagram (IBD) of SysML is a structural
diagram that can display the specific structure inside the block; the Parameter Diagram
(PD) is a specific internal block diagram that can describe the binding connection rela-
tionship of related value attributes in the internal composition of the block. Therefore,
the internal composition and connection of the general functional model structure can
be accurately described by PD or IBD.
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Taking the simplified elevator surface power control unit (PCU) as an example, the
PCU receives the electrical signal output by the primary actuator control electronics (P-
ACE), controls the output of the hydraulic components, and manipulates the position of
elevator surface through a sector disk, cable, or connecting rod assembly. The structure
of the PCU functional model can be described by using block and IBD, as shown in
Fig. 3 and Fig. 4. For example, “inSOVH” and “inSOVL” are the internal flows of
the PCU functional model, and the input flow “SOVH” passes through the input port
“pSigSOVH”, stored by the internal flow of “inSOVH”, provides an intermediate medium
for flow transformation and conversion.

«block»
PCU

inSOVH : SOVH

inSOVL : SOVL
outlsEngaged : IsEngaged
outSurfPosCmd : SurfPosCmd
inSurfPosCmd : SurfPosCmd

stateFlag : Réai =1
state : String

&

Fig. 3. The structure of PCU functional model

ibd [Block] PCU[ PCU ]

S5]PSSOVH:SOVH  cequab  [inSOVH: SOVH

plsEngaged - IsEngaged -1,
outlsEngaged : IsEngaged y—[a
«equal

inSOVL : SOVL

L pSigSOVL : SOVL «equal»
B

pSurfPosCmd : SurfPosCmd L

outSurfPos Cmd : SurfPos Cmd M
s
pSigSurfPosCmd : SurfPosCmd
«equa¥
inSurfPos Cmd : SurfPosCmd

Fig. 4. Internal connections of PCU functional model

2.3 The State of General Functional Model

The state of general functional model is an abstraction of a set of specific attribute val-
ues, where attributes include physical properties (such as physical connections inside
functional object) and chemical properties. Engineers can use the form of “state name
+ description” to express the general functional model state, where “description” is
optional. For example, when an operational amplifier power supply circuit has no effec-
tive voltage (that is, state = “off "), the function of the operational amplifier cannot work
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properly. The State Machine Diagram (SMD) of SysML is a kind of behavior diagram,
which can be used to describe the state of the model and the transition between states
[12]. Model states can be described by state elements in a state machine diagram.

The simplified PCU has two states: “NotEngaged” and “Engaged”; in order to
facilitate model expression, engineers can define the auxiliary state “off”, as shown
in Fig. 5.

stm [State Machine] PCU[ PCU ] J

w hen (stateFlag==0) Ereaed

entry / notStmEngaged

o — off

w hen (stat§Flag==1
e~ when (statgFlag==1)

[ALH getValue(inSOVH,"data")3=28 && ALH getValue(inSOVL,"data")==0]
w hen (stgteFlag==0)

Engaged

{ w hen (stateFlag==1)
entry / StmEngaged

Fig. 5. The states and state transitions of PCU functional model

2.4 The Behavior of General Functional Model

The types of interaction between functional objects and the environment mainly include:
1) There is input but no output: environmental input causes the state of the object to
change, such as the water storage function of a pool, that is, the water flow input causes
the water level of pool to change; 2) There is output but no input: the object directly acts
on the environment, such as battery discharge function, that is, battery outputs electric
energy to the outside; 3) There is input and output: the environmental input is output to
the environment through the internal function of the object. Functional model behavior
can be defined as an activity in which a functional object interacts with the environment
to change one or both of them. General functional model behavior can be divided into
state transition behavior and flow-processing behavior.

(1) State Transition Behavior

There are state switching activities in the multi-state general functional model, and
such activities can be called state transition behaviors. The trigger event is the event
that causes the model state to change. The trigger event includes input/output flow
interaction events, time events, and model attribute change events. The state transi-
tion behavior of the model can be represented by SMD: a solid line with an open
arrow can be used to mark the transition of the model from the source state to the
target state, and the trigger event can be described by the conditions on the solid
line.

The state transition behavior of the PCU is shown in Fig. 5. For example, when the
“stateFlag = 1” event occurs, the PCU state will switch from “off” to “Engaged”.
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(2) Flow-Processing Behavior

In a specific model state, the model can complete the corresponding flow trans-
formation or conversion activities, which can be called flow-processing behavior.
The “input flow + output flow” binary expression is difficult to express the flow-
processing behavior of complex models in different states, that is, it is impossi-
ble to determine the type of flow-processing behavior: a) the flow attribute value
changes, b) the flow type changes. But based on the flow model and flow-processing
behavior, the function can be expressed qualitatively or quantitatively. When the
flow attributes and attribute constraints are clear, the flow-processing behavior of
the functional model can be quantitatively analyzed. It should be noted that the
flow-processing behavior should follow general physical rules, such as the law of
energy conservation. For example, in the qualitative analysis of lamp function, the
input flow is electrical energy ( flow_electricity), the output flow is light energy
( flow_opticalEnergy), the flow-processing behavior can be described as: when the
input is flow_electricity, flow_electricity transforms to flow_opticalEnergy, and out-
puts flow_opticalEnergy. In the quantitative analysis of lamp function, the input flow
is electrical energy with clear attributes and attribute constraints ( flow_electricity:
voltage = 220 V, power >= 0 W), and the output flow is light energy with clear
attributes and attribute constraints ( flow_opticalEnergy: power >= 0 W), the flow-
processing behavior can be described as: inputs flow_electricity, flow_electricity is
converted into flow_opticalEnergy, and flow_opticalEnergy is output externally, and
the power of flow_opticalEnergy is equal to the power of flow_electricity.

Flow-processing behavior can be represented by Activity Diagram (AD) of SysML,
and the trigger of flow-processing behavior can be defined by SMD: if the state in
the SMD has executable events (entry, do, exit, etc.), then the functional model will
execute the corresponding popularity behavior after entering the state according to the
corresponding event. AD can be used to express the transition and conversion from input
flows to output flows, and the specific processing process of flow-processing behavior can
be described by opaque expressions in SysML. According to the flow model and opaque
expressions, qualitative or quantitative analysis of the flow-processing behavior of the
functional model can be realized. It should be noted that the flow-processing behavior
processing of different states of the model can be expressed by the same/different opaque
expressions.

The flow-processing behavior of the simplified PCU is shown in Fig. 6. The opaque
expression can be represented by the pseudocode in Fig. 7, which uses the same opaque
expression to implement the detailed process of the flow-processing behavior in the
various states of the PCU. And it can be known that the output flow of the PCU (such
as aOutlsEngaged, aOutSurfPosCmd) is generated internally by the PCU, the attribute
value of the output flow may be related to the input flow (such as aOutSurfPosCmd.data
= alnSurfPosCmd.data).
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inSOVH Trans : PCU aOutisEngaged J out :IsEngaged

a0utSurfPosCmd »{ out : SurfPos Cmd

Fig. 6. The flow-processing behavior of PCU

if(insovh==28 &8& insovl==0)(stateFlag=1)else if(insovh<28 || insovl>0){stateFlag=0}else(stateFlag=-1}
createObject aOutlsEngaged
createObject aOutSurfPosCmd
if("NotEngaged"){
aOutlsEngaged.data = -1
aOutSurfPosCmd = null //outputFlow invalid
state="NotEngaged"
Jelse if("Engaged"){
aOutlsEngaged.data = 1
aOutSurfPosCmd.data = alnSurfPosCmd.data
state="Engaged"
Jelse{
state="stateError"

)

Fig. 7. The pseudocode of PCU flow-processing behavior

3 Hierarchical Functional Models

In the modeling process, the sub-level functional models (including general functional
models and hierarchical functional models) can be integrated to establish the parent-level
functional model, namely the hierarchical functional model. Different from the general
functional model, the hierarchical functional model focuses on describing its internal
composition and connection. In the conceptual design stage of civil aircraft system,
when a system considers the internal composition, the hierarchical functional model of
the system should be established; when multiple functional models are integrated, the
corresponding hierarchical functional model should be established.

3.1 The Structure of Hierarchical Functional Model

The structure of the hierarchical functional model should contain all sub-level functional
models and the connection between functional models. When the parent-level functional
model does not have independent ports, the ports of the sub-level functional models can
be used as the ports of the parent-level functional model; when the parent-level functional
model has independent ports, it is necessary to clarify the relationship between the
parent-level ports and the sub-level functional models.

Based on the method in Sect. 2.2, the structure of the hierarchical functional model
can be represented by BDD, IBD and PD. When the parent-level model has independent
ports, IBD can clearly describe the boundary of the parent-level model and the connection
relationship between the ports on the boundary and the ports of the sub-level functional
models. As shown in Fig. 8, the outer frame of IBD is the boundary of the parent-level
model. The input port of the parent-level model will be connected to the input ports of
the sub-level functional model, and the output port of the sub-level functional model
will be connected to the output port of the parent-level model.
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Parentlevel functional model boundary

ibd
outPort]_parent

=

inPortl ! outPort1
Sublevel  puby
functional =< Port2
inPort2 -
inPort]_parent inPort2 | model-1 ouitiorte

inPort

outPort
Sublevel

functional
outPort inPort model-3

Sublevel
=4 functional
model-2

1| ]
LV

inPort2_parent outPort2_parent

Fig. 8. Illustration of the internal connections hierarchical functional model structure

3.2 The State of Hierarchical Functional Model

The state of the hierarchical functional model is jointly determined by the states of all
sub-level functional models. The determinacy of the hierarchical functional model’s state
is predicated upon the collective states of its subordinate sub-level functional models.
In other words, the hierarchical functional model’s state can be precisely inferred solely
upon the attainment of unambiguous states of all sub-level functional models.

Based on the method in Sect. 2.3, the state of the hierarchical functional model can
be defined by a block in SysML, and it is imperative that the state of the hierarchical
functional model aligns with the state of its constituent sub-level functional models in
a one-to-one correspondence, as shown in Fig. 9. The process of establishing the state
of the hierarchical functional model is as follows: establish the state of the hierarchi-
cal functional model using block in SysML; then correspond to the state of sub-level
functional model, which can be represented by a PD.

Sublevel Functional Modell

State of Hierarchical

- Functional Model ____| equals 1 Sublevel Functional Model2
Statel € = = — =
________________________ equals e
State2 €= = === ==> State
equals oo T
State3 €= ===

Fig. 9. Illustration of the state of hierarchical functional model
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3.3 The Behavior of Hierarchical Functional Model

(1) State Transition Behavior
The state transition behavior of the hierarchical functional model can be triggered
by external flows, output flows of sub-level functional models, time events, etc.
Therefore, the state transition behavior of the hierarchical functional model needs
to include the state transition behaviors of all sub-level functional models, and the
input-output port connection relationship between the parent-level functional model
and the sub-level functional models.

Based on the method in Sect. 2.4, IBD and SMD can be used to describe the state
transition behavior of the hierarchical functional model. Connect the defined parent-level
model’s ports with the input ports of the corresponding sub-level functional models,
expressing that the flow outside the system will trigger the state transition behavior of
the system functional model; connect the sub-level functional model output ports with
the corresponding sub-level functional model input ports, indicating that the output of a
certain sub-level functional model will trigger the state transition behavior of another sub-
level functional model, which will trigger the state transition behavior of the hierarchical
functional model.

(2) Flow-Processing Behavior

The flow-processing behavior of the hierarchical functional model should include
the flow-processing behavior of the sub-level functional models, and include the input-
output port connections between the parent-level functional model and the sub-level
functional model.

Based on the method in Sect. 2.4, IBD and AD can be used to describe the flow-
processing behavior of the hierarchical functional model. Connect the defined parent-
level model boundary ports with the ports of the corresponding sub-level functional
models to express the flow transfer relationship of the hierarchical functional model;
connect the output ports of the sub-level functional model with the input ports of the
corresponding sub-level functional model to represent a certain sub-level functional
model, which indicates that the output flows of the sub-level functional model will
become the input flows of another sub-level functional model, which can trigger the
flow-processing behavior of the hierarchical functional model.

4 Case Study

4.1 Introduction of Elevator Surface Control System

The elevator surface control system is mainly composed of P-ACE, PCU, elevator surface
and structural support components. The main functions of the elevator system are: 1)
Locate the elevator surface according to the pilot’s instruction; 2) Locate the elevator
surface according to the steering rod force required to maintain the normal acceleration
of the aircraft; 3) Perform feedback control of the elevator surface position according
to the pilot’s instruction and the position of the elevator surface to realize the stability
control of the elevator surface. This paper takes elevator surface control system as an
example to illustrate the above functional modeling methods.
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The purpose of this study is to support engineers to express functional schemes
clearly, and provides a basis for quantitative analysis of functional models, so as to
complete functional completeness verification. In this section, Cameo Systems Modeler
(amodeling software for SysML) can be used to establish the main sub-functional models
and the hierarchical functional model based on the function scheme of the elevator surface
control system of one type of civil aircraft.

4.2 Establishment of Flow Models and Sub-level Functional Models
of the Elevator Surface Control System

(1) Flow Modeling
There are many interactive flows in the modeling process of the elevator surface
control system. For example, P-ACE determines its connection priority through the
connection priority signal (“EngagePrior”); the related signal of the surface position
control command (“SurfPosCmd”), and the P-ACE validity signal (“FCMValid”)
output by the flight control module. Based on the method in Sect. 2.1, the required
input/output flow models in the system can be established to support the qualitative
and quantitative analysis of the hierarchical functional model, as shown in Fig. 10.

bdd [Package] Flow [ Flow ]
ablocks «blocks ablocks | «blocks
DrctSw NormModeCap ActAct LaneDirect
e [ e e e
data : Real data : Real data : Real data : Real
«block» «block» «block» «block»
LaneEngage EngagePrior MaintSw ElecVol
r | ¥ - RS
data : Real data : Real data : Real data : Real
ablocks ‘ «blocks «blocks eblocks
FCMValid IsNorm IsEngaged SurfPosCmd
es | alves es alues
data : Real data : Real data : Real data : Real
ablocks ‘ ablocks
| sovL ~ SOVH
es | e
data : Real data : Real

Fig. 10. Input/output flow modeling for elevator surface control system

(2) P-ACE and PCU Functional Modeling
P-ACE receives instructions from the flight control module, adjacent P-ACE, etc.,
and processes these instructions and then sends the results to the PCU. The general
functional model structure of P-ACE is shown in Fig. 11. The process of establishing
the PCU functional model has been introduced in Sect. 2, so it will not be repeated
here.
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B pSigDrctSw - DrctSw

ibd [Block] RACE[ R-ACE ]

«equabs

inDrct Sw : Drct Sw

psgnormiinaecan N

cap —
«equabs l inNormModeCap : NormModeCap l

pSigActAct - ActAct

«equaks

oSigXLaneEngage : LaneEngage

1 inActAct : ActAct

«equabs

pSigLaneDirect : LaneDrect «equab

[inxL A0

inXLaneDirect : LaneDirect

L pSighintSw : MeintSw

«equabe
{i for : EngagePrior

pSigBecVol : ElecVol

«equahs
| inMai : MaintSw

LpSigFCMV alid : FCMV alid

«eqush
i - BecVol

pSigColPos : SurfPos Cmd

«equabs
inFCMValid : FCMValid
«equaby [incotpos - surtPoscma

iy

«equsls

loutLaneEng 0

outLaneDret : LaneDirect | «=qusls

outSOVH : SOVH

planeEng : LaneEngsge ’L

plLaneDrct : LaneDirect =]

«equals

pSigSOVH : SOVH
-
H

«equsbs

PSOVL - SOVL
H

outSOVL : SOVL '[

outisNorm : IsNorm «equals

plsNorm: ENorm
£

outBefPos : SurfPosCmd I

«equals

pBefPos Cmd : SurfPos Cmd

H

]

In this example the elevator surface control system has a pair of P-ACE, and the value
of signal “inEngagePrior” determines the P-ACE engagement priority. When modeling
any P-ACE, it is first necessary to determine which states exist in its normal operation,
and then determine the state transition conditions. In this example, in addition to the
auxiliary state “off”’, P-ACE has six states, such as “Direct-UnCapEngage”, “Direct-
CapEngage”, “DNR-UnCapEngage”, etc. P-ACE state transition behavior and trigger
conditions are shown in Fig. 12. For example, when P-ACE is in the state of “Normal-
CapEngage”, “stateFlag5 = 0” (that is, the value of inFCMValid equals to 0) will trigger

Fig. 11. The structure of P-ACE functional model

an event to switch the state to “Normal-UnCapEngage”.



SysML-Based Approach for Functional Quantitative Modeling 25

stm [State Maching] FACE[ RACE |

rBkoVol dsts")>0]

T Py
S

y when (staieFiegi==0)
Direct.

entry / DrctunCap

: T - ONR-
[ALM getVabe(LaneDrect "dafa"}==0] when (stateFlagi==1) [ALH getValue(nrctSw data)=0) UnCapEngage
enry | DVRURCag.

when (3tsteFisg2==0)

(L[ oireet JIALH gtV alus(inNormhodeCap “data")==1 &4 ALH getValue( nOrctSw "dats")=0]

CapEngage

ntry / DrctCapyhen

1 stateFlaga==1) [ALH getValue( nDrotSw "dataf)=
stateFlogt=0 - inSlecVob0 ’

stateFisg2=0 - LaneErgage=0

staeFlag3--NormiiodeCap

stateFlage--nDrctsw

stateFiogs-nFCMV sl

s tateFiage--iXLaneDrct

staeFisgT-mActAct

en (stateFisga==0)

i ; When (stateFlagr==1)
CapEngae
¥/ NernCap
=0 shen (staeFingo=1) [ALH gV abe(inActAct cata"==0]
T when (stateFlag2==0)

Fig. 12. State and state transition behavior of the P-ACE functional model

P-ACE has different flow-processing behaviors in different states, and the specific
processing flow of its flow-processing behavior is described by the opaque expression
of “PACE” referred to by “Trans”, as shown in Fig. 13. When the opaque expression
of “PACE” is processed only for the flow model type, the flow qualitative analysis of
P-ACE functional model can be carried out. When the properties and values in the flow
model are processed by the opaque expression “PACE”, flow quantitative analysis can
be carried out on the P-ACE functional model, as shown in Fig. 14.

Cmeigne

Fig. 13. The flow-processing behavior of the P-ACE functional model
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Language:
English

T ATErTaET=UTeTSE IT A ST Tag =17 SIS E TS (A ter Tag =17
context_=ALH. getContext O
state_DrctUnCap=ALH. inState(context_, "Direct-UnCapEngage”)
state_DrctCap=ALH. inState(context_, "Direct-CapEngage”)
inState (context_, “DNR-UnCapEngage”)
_, "DNR-CapEngage”)

t_, “Nornal-UnCapEngage”)
state_NornCap=ALH. inState(context_, “Nornal-CapEngage”)
state_off=ALH. inState (context_, "off")

[if(state_DrctUnCap) {
state="Direct-UnCapEngage”

ALK setValue (a0utLanekng, “data”, 0)
ALH. setValue(aOutLaneDrc

Jelse if(state_DrctCap) {
state="Direct-CapEngage”

ALH. setValue (a0utSOVE, “data”, 28)
ALH. setValue (a0utSOVL, “data”, 0)
ALH. setValue (a0utlsliorn, “data”, 0)
}else if(state_DNRUnCap) {
state="DIR-UnCapEngage’|

ALH. setValue (a0utLancEng, “data”, 0)
ALH. setValue (aOutLaneDret, “data”, 1)
ALH. setValue (a0utSOVE, “data”, 0)
ALH. setValue (a0utSOVL, “data”, 1)

Expert oK. Cancel Evaluation Mode

Fig. 14. Enlarged section of opaque expression of flow-processing behavior for P-ACE functional
model

4.3 Establishment of Hierarchical Functional Model of Elevator Surface Control
System

(1) Structural Modeling of Hierarchical Functional Model
Based on the method in Sect. 3.1, combined with the sub-level functional model,
the hierarchical functional model structure of the elevator surface control system
is established. As shown in Fig. 15, the hierarchical functional model includes two
P-ACE general functional models (“PACEOB” and “PACEIB”), two PCU general
functional models (“PCUOB” and “PCUIB”), PCU signal processing (“PCUHL”)
and simplified elevator surface (“EleSurf”).
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Fig. 15. The structure of hierarchical functional model
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(2) State and State Transition Behavior Modeling of Hierarchical Functional Model
Based on the methods of Sects. 3.2 and 3.3, the states of the sub-level functional
models are integrated to establish the relationship between them and the state of the
elevator surface control system, as shown in Fig. 16. Based on the state transition
behavior of the sub-level functional models and the structure of the hierarchical
functional model, the state and state transition behavior of the hierarchical functional
model are modeled. As shown in Fig. 17, describing the state and state transition
behavior of the hierarchical functional model of the elevator surface control system,
the input flows to P-ACE will trigger the state transition behavior of P-ACE and
the corresponding sub-level functional models, and then trigger the state transition
behavior of the hierarchical functional model.

par [Block] ElevatorControlSystem| EIevalorContrclSystem])

PACEOB: P-ACE

state : State state : String

PACEIB: P-ACE
statePACEOB: String =

state : String

[‘statePACFIR : String }_J

PCUOB : PCU
[—- state : String

statePCUOB : String
— — J PCUIB : PCU

statePCUIB : String ‘ state : String

PCUHL : PCUHI

statePCUHL : String §
B ———— L— state : String ‘
stateEle Surf : String ’.— )

Ele Surf : Elevator Surface |

state : String ‘

Fig. 16. State representing for hierarchical functional model

(3) Flow-Processing Behavior Modeling for Hierarchical Functional Model
Based on the method in Sect. 3.3, the flow-processing behavior of the elevator surface
control system is modeled. As shown in Fig. 18, the input flow of P-ACE is output to
the corresponding functional model under the action of the specific model state and
flow-processing behavior, and causes their flow-processing behavior to be executed.
Then, the flow-processing behavior of the hierarchical functional model is triggered
to change the output flow of the hierarchical functional model.
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Fig. 17. Enlarged section of the state and state transition behavior of hierarchical functional model

Fig. 18. Enlarged section of flow-processing behavior of hierarchical functional model

4.4 Simulation of Hierarchical Functional Model of Elevator Surface Control
System

In the conceptual design of complex systems, it is necessary to simulate the functional
model of the system to eliminate errors related to functional logic. Based on the above
hierarchical functional model, the functional simulation of the elevator system, including
quantitative analysis of the flow-processing behavior of the functional model, is helpful
to verify the accuracy of the system functional model. This section gives the simulation
cases of the general functional model and the hierarchical functional model respectively,
and verifies that the functional model can complete the corresponding traffic behavior
in a specific state.



SysML-Based Approach for Functional Quantitative Modeling 29

(1) Simulation of General Functional Model
Based on the sub-level functional model and given the expected input, the flow-
processing behavior and state transition behavior of the functional model are veri-
fied. For example, simulate the PCU functional model: the state of PCU switches
from “off” to “NotEngaged” when the input is valid. When the data value of the
input flow “inSOVL” is 28, the data value of “inSOVH” is 0, and the data value of
“inSurfPosCmd” equals to 10, the PCU state switches to “Engaged”. At this time,
the data value of the output flow "outlsEngaged” of the PCU equals to 1, and the
data value of “outSurfPosCmd” is 10 (as expected), as shown in Fig. 19 and Fig. 20.

stm [State Machine] FCU[ PCU |

stateFlag=-1
stateFlag=0: inSOVH<28 | nSOVL>0
stateFlag=1: inSOVH=28 & inSOVL=0

w hen (stateFlag==0) {7 Wottngaged

entry / notStmEngaged

[ALH getValue(inSOVH "data”)7=28 && ALH.getValue(inSOL "data")==0]

e off

ol etoan w hen (stateFlag==1)

w hen (stgteFlag==0)

Engaged

w hen (stateFlag==1)
entry / StmEngaged

Fig. 19. PCU in “Engaged” state

F“ i UG 1)

in : SOVH

wson asou ‘

SSOVHA™ Trans :pcy || 20ukEngsged  Jour :isEngaged

| anSurtPosCrg 20utSurtPosCmd out : SurfPos Cmd
st fPos Cmd A SurfPosCmd@43fa54a2 {
L data = [10.0000]
)}

Fig. 20. The flow-processing behavior of PCU in “Engaged” state

(2) Simulation of Hierarchical Functional Model

Initialize the inputs and state of the hierarchical functional model, change the inputs
of the system functional model based on the state transition behavior and flow-
processing behavior of the hierarchical functional model, track the state transition
and flow transition of the corresponding functional model in the system, and then
complete the simulation of the functional model. For example, the hierarchical func-
tional model of the elevator surface control system above is simulated: after the inputs
of the hierarchical functional model are initialized, the state of the hierarchical func-
tional model is shown in Fig. 21; when the input flows are adjusted to switch the
state to a normal working state, verify whether the surface position output instruc-
tion is compound expectation at this time. It can be seen from Fig. 22 that when the
model is in this state and the given input is 11.5°, the output of the elevator surface
position is 11.5°, which is in line with the expected output, and the verification of
this state flow-processing behavior is completed. Other state transition behaviors and
flow-processing behaviors can be simulated according to the same step, and then the
simulation verification of system functions can be completed.
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El ElevatorControlSysten ecsInstance : ElevatorControlSysten...
B[P EleSurf : ElevatorSurface ecsInstance. eleSurf : ElevatorSurfa...
ECPI PACEIB : P-ACE [off] ecsInstance. paceib : P-ACE@f472982
B[P PACEOB : P-ACE [off] ecsInstance. paceob : P-ACE@13fbfe21
EHCE PCUHL : PCUH1 ecsInstance. pcuhl : PCUH1@246f3dc3

BHCEPCUIB : PCU [off]
BRI PCUOB : PCU [off

ecsInstance. pcuib : PCU@6a574194
ecsInstance. pcuob : PCU@52240f75

iecsInstance.state : State@68e0ac99
stateEleSurf : String on
~[V] statePACEIB : String of f
~[V] statePACEOB : String off
~[¥] statePCUHL : String getPos
~[V] statePCUIB : String of f
[Vl statePCUOB : String off

Fig. 21. The initialization state of the hierarchical functional model of the elevator surface control
system

fecslnstance : ElevatorControlSysten..
Er[B EleSurf : ElevatorSurface ecsInstance. eleSurf : ElevatorSurfa..

-[Wstate : String on

EHCE SurfPos : SurfPosCmd SurfPosCnd@lad19b15

-[W data : Real 11.5000

BH[PI PACEIB : P-ACE [Direct- . ecsInstance. paceib : P-ACE@f472982
[P PACEOB : P-ACE [Normal-CapEn. ecsInstance. paceob : P-ACE@13fbfe2l
B[Pl PCUHL : PCUH1 ecsInstance. pcuhl : PCUH1@246f3dc3
ECBIPCUIB : PCU [off] ecsInstance. pcuib : PCU@6a574194
B[P PCUOB : PCU [F = ecsInstance. pcuob : PCU@52240f75
B[P state : State ecsInstance. state : State@68e0ac99

stateEleSurf : String on

:' statePACEIB : String Direct-UnCapEngage

statePACEOB : String Normal-CapEngage

i~[V] statePCUHL : String getPos

[V statePCUIB : String off

[V statePCUOB : String Engaged

Fig. 22. Surface position control signal output in a certain state

It can be seen from Fig. 19, 20, 21 and 22 that the hierarchical functional model of the
elevator surface control system can verify state transition behaviors and flow-processing
behaviors. In addition, it can be determined whether the state transition behaviors and
flow-processing behaviors of the hierarchical functional model meet expectations, so as
to establish an accurate and reliable system functional model.

5 Conclusion

In the conceptual design process of civil aircraft system, accurate establishment of the
functional representation of the system serves as the cornerstone for subsequent detailed
design. To this end, this paper presents a functional quantitative modeling methodology
for civil aircraft systems based on SysML. This approach enables the quantitative expres-
sion of the functional model and provides the foundation for its quantitative verification.
Specifically, the methodology leverages flow modeling to facilitate quantitative analy-
sis of flow transformation and conversion, while also formally expressing the structure,
state, and behavior of the general functional model. Additionally, the approach proposes
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amethod for establishing the hierarchical functional model. To demonstrate the feasibil-
ity of the proposed method, the functional modeling of an elevator surface control system
is conducted, and the establishment of the functional model and quantitative simulation
are succinctly described and demonstrated. The results indicate that the functional mod-
eling methodology described in this paper facilitates the quantitative analysis of the
input/output flow of the functional model, thereby providing the necessary foundation
for functional completeness verification of the system.

One limitation of the current study is that the proposed method does not address
the automated provision of input flows required to complete the state switching of the
functional model. As a result, it cannot facilitate automated simulation verification of
the state transition and flow-processing behavior of the functional model. To address
this shortcoming, future work will involve encapsulating the functional model in the
proposed method and developing a system functional simulation model. This will enable
the realization of automated simulation verification of complex system function integrity.
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