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Abstract 
Redesigning of complex products is not an easy task. Engineering change re-
quirements can be extracted at any stage of the product redesign process, and 
it makes the management of engineering change become a challenging mis-
sion. The motivation for this study is to find the shortest path of behavioral 
change propagation (BCP), minimize the BCP, access to the special behavior-
al elements in order to better managing the BCP and classifying the behavior-
al attribute of the elements in terms of their relationship to change by bet-
weenness centrality coefficient (BNCC), clustering coefficient (CLC), reacha-
bility coefficient (RC) and change propagation index (CPI). In this article, the 
procedure of managerial decision-making is proposed by combining system 
restrictions in behavioral clustering design structure matrix (BCDSM) with 
optimization algorithms. The practicality of suggested method is verified in 
redesign procedure of a phantom drone camera stabilizer as a case study. The 
results, indicate that the absorption of change by behavioral elements is do-
minant in the mechanical (63.9%), electrical (61.1%) and thermal (38.9%) 
behaviors of the drone camera stabilizer system in redesign process. These 
elements are best candidates for reducing the cost and time of behavioral 
changes in the system redesign and are desirable for the designer. 
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1. Introduction 

The change propagation, is one of the most important issues in engineering. It 
should be taken into the account in conceptual design, manufacturing and even 
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in after sale services. In designing of a product, the changes propagate consider-
ably make an impact in product development [1] [2]. A well-known example is 
the one experienced by “Smart Tool Lab” on a passenger car in which the change 
propagation is traced from a small change in rear window up to front bumper 
[3]. At first the change in inclination of rear window seems to be completely ir-
relevant to the shape and size of the front bumper, however insight into it, ap-
pears the chain of relationships between these two objects. 

Consideration a simplified approach in which a product with a 2D drawing 
with two-step prediction method for change propagation is proposed [4]. An 
optimization has been added to that model, finding the shortest path algorithm 
in most time-saving paths for propagating changes dependent on other design 
tasks [5]. A new approach to managing change control is presented in the design 
process of complex engineering products by use of design constraints in a com-
bination of two structures of DSM matrices and a systematic process for control-
ling changes [6]. A decision support for manufacturing change management is 
provided to enable a thorough analysis of change in socio-technical manufac-
turing systems [7]. An integrated approach for scheduling design changes in the 
complex product development process is presented by combining simulation of 
change propagations with optimization algorithms [8]. The dynamics of a stable 
3-axis gyroscopic plate is investigated and analyzed by considering the angular 
movements of its carrier body [9]. The dynamical modeling of a gyro stabilized 
platform is studied in the presence of angular motions of the vehicle [10]. The 
computer aided design (CAD) management model, which enables us to better 
managing the digital mockup (DMU) and propagate changes to the hole assem-
bly after a modification that affects one of its component, that has been modified 
and sent to a partner and then reinserted is explained [11]. A case study ap-
proach to study engineering change (EC) and its propagation in the context of a 
university design project is used as an example of young organizations and is 
compared with the existing work done on mature firms [12]. Three engineering 
systems as networks and measure the relation between modularity and robust-
ness to random failures are modeled to that end whether modularity comes at 
the expense of robustness [13]. Four types of network models of systems, com-
ponent-component, component-function, component-parameter, and function- 
parameter, to further test the relation of robustness to the type of system repre-
sentation, architectural or behavioral are produced. 

The relevant learnings about inter-team coordination can be made from 
non-software development [14]. To illustrate this an example of mechanical in-
tegration engineers and their work in large-scale and complex hardware devel-
opment is provided. The two perspectives are joined by analyzing metadata of 
more than 3000 documents produced during the design of a biomass power 
plant [15]. The insights are gained by using network analysis and by visualizing 
the temporal unfolding of the design process. A new method is presented for 
analyzing requirement change propagation [16]. This method is based on the 
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assessment of requirement interrelations structured in a requirements structure 
matrix by a modified page-rank algorithm. By this method, a high number of 
strongly interrelated requirements can be analyzed in an efficient manner. 

The strengths of this research compared to similar research are: in most of the 
work done, less control and management of engineering changes in the impor-
tant phases of redesign has been done, while in the current research, the focus is 
on redesign. Combining behavioral matrices and creating a BCDSM matrix that 
creates a sensitivity matrix by combining product behaviors. This matrix helps 
the surgeon predict growth changes [4]. Relying on the knowledge of the chief 
designer in parallel with the change management [6] software is very effective in 
managing the growth of change and achieving the most optimal path of change. 
Flexible to implement in complex engineering projects [8]. Define several indica-
tors to quantify change growth management and select the most optimal change 
path. 

In this paper, a plan for management of BCP is proposed. The following rea-
sons make products complicated form redesigning point of view: 

1) They contain a plenty of systemic parameters. 
2) There are a lot of relationships between different components. 
3) Finding the relationships between components needs technical knowledge. 
4) The parameters relations are complicated. 
5) There are so much restrictions in design and manufacturing. 
This study concentrates on following items: 

• Developments of behavioral changes in redesign (growth of behavioral changes 
in redesign) 

• Manageability in product lifecycle management (PLM) [1] [2] 
• Management of behavioral changes in redesign 
• Finding the relationships between subsystems and components 
• Management of behavioral changes of complex products [8] 

The probabilities and effects of behavioral changes between system compo-
nents are stored in the BCDSM to determine and detect the variability of a com-
plex engineering system [8]. In this paper, BCDSM matrices are used as a com-
bination of behavioral properties. The reason for using a combinatorial matrix is 
to access easier control of changes for such a complex product [8]. 

2. Materials and Methods 
2.1. Management of Behavioral Changes Methodology 

In this paper, the methodology proposed for management of behavioral changes 
is based on six foundations as follows: 
• BCDSM, which describes the relationship between behavioral parameters 
• Determination and constructing constraint levels of behavioral parameters in 

redesign 
• Evaluation of engineering changes, which estimating the volume of commu-

nication between BCDSM matrix behavioral parameters and identification of 
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the sensitivity range of all behavioral parameters 
• Propagation model between behavioral parameters 
• Measuring the behavioral changes from behavioral change management [6] 

center (BCMC) point of view 
• Comprehensive (Genetic Algorithm) GA for management of behavioral changes 

The relationship between structural features of products and behavioral fea-
tures are explained and arranged in format of BCDSM matrix. The matrix con-
taining these two kinds of relationships, called the BCDSM, which is shown in 
Figure 1. 

In Figure 1, the off-diagonal first level behavioral parameters contain the pa-
rameters that connect the subsystems or known components in the diagonal 
blocks in the larger matrix to the 2nd level off-diagonal behavioral parameters 
contain the ones that link the different behavioral properties within the diagonal 
blocks in the larger matrix. Selecting such a BCDSM the designer simplify the 
relationships between behavioral changes management. Sensitivity analysis [16] 
of behavioral changes of redesign to should simultaneously be developed with 
the redesign process. As the redesign process goes ahead, the process of sensi-
tizing behavioral changes to affected behavioral properties should also pro-
ceed. Failure in this procedure may lead to not closure of the behavioral change 
loop and ultimately leads to consumed time and cost and even project failure 
[15]. 

A behavioral change in any of the first level behavioral parameters can lead to 
a behavioral change in the other first level parameters as well as the 2nd level 
behavioral parameters in proportion to the first level parameters. At the same 
time, by considering the constraints, a method can be developed so that satisfies 
all the requirements of the behavioral changes. Of course, in the development of 
this model, the main task of the Camera Gyro Stabilizer (CGS) designer would 
be difficult and requires high level of technical knowledge [9] [10]. Without such 
knowledge, working with this model would be very time consuming and expen-
sive. Figure 2 shows the algorithm of the above mentioned method. The steps of 
the method consist of three parts as follows: 
• Part I, Sensitivity: in this part, sensitization of all behavioral parameters within 

the BCDSM to each other is performed. The relationship between behavioral 
parameters are expressed as some equations known as system equations are 
for expressing the relationship between first level behavioral parameters and 
subsystem design equations are to express the relationship between subsys-
tem behavioral parameters. In this section, the range of change of all system 
behavioral parameters due to the change of one behavioral parameter is cal-
culated. 

• Part II, Redesign: in this part, a large volume of relationships are used in the 
complex system redesign process [8]. Using the system equations is used to 
express the relationship between first level behavioral parameters and sub-
system design equations the relationship between subsystem behavioral pa-
rameters and the relationship between the behavioral parameters affecting  
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Figure 1. BCDSM for 3-axis drone camera gyro stabilizer. 
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each other is determined and shows the extent of change of all system beha-
vioral parameters due to the change of one parameter. 

• Part III, Integrating: in this section, the relationship between all the beha-
vioral parameters of the first level and the 2nd level is applied to the redesign 
process and the minimum changes of the behavioral parameters relative to 
the changed parameter are obtained. The main output of the software is the 
results of reviewing behavioral changes. 

• Part IV, behavioral Change Management [6] Center (BCMC) Review: in this 
part, the designer achieves his desired results according to the algorithm 
shown in Figure 2. 

2.2. BCP Model 

It is very difficult to find the right path of BCP in the process of management of 
behavioral changes in the presence of complex relationships. In order to create a 
proper transmission trace of behavioral changes in complex systems, in addition 
to the need for the knowledge of the chief designer, the knowledge of the de-
signer of the subsystems and system tools is needed to create an integrated mod-
el [8] of the behavioral change transfer algorithm. The algorithm for creating a 
propagation model for complex systems is shown in Figure 3. 

According to the flowchart of Figure 3, the structure of the BCP algorithm is 
obtained as a result of the designer’s expertise and utilization of: 
• Cambridge advanced modeller (CAM) software [14] code, which determines 

the range of behavioral change resulting from the change 
• Integrating of design algorithm to create integrated [8] relationships between 

first level parameters 
• BCDSM matrix as a roadmap for all possible relationship paths between be-

havioral parameters 
Also, the knowledge of management of subsystem changes is obtained as a 

result of the expertise of subsystem designers and utilization of: 
• BCDSM matrix of behavioral properties for each of the subsystems 
• Integrating of design algorithm software to create integrated [8] relationships 

between 2nd level parameters of two subsystems 
• Analysis of laboratory and engineering tests [16] 

For each change request, knowledge of change management [6] at the system 
and subsystem level leads to a system change management algorithm [6]. The 
possible paths obtained by trade-off using these algorithms together and the In-
tegrating between Information circulations  creates the subsystem propagation 
model. 

2.3. Behavioral Change Management Center (BCMC) 

In the redesign phase, it is not possible to define a preset process for the amount 
of workload. Therefore, to define the cost, time and workload of all behavioral 
changes, the BCMC needs to achieve different types of impact [7] on a behavioral  
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Figure 2. Algorithm for evaluating behavioral changes in the redesign process. 
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Figure 3. BCP model. 

 
change in the product life cycle. Questions and the effect of each following items 
should be specified for the BCMC: 
• Is this behavioral change to improve requirements? 
• Is this behavioral change due to redesign constraints such as assembly prob-

lems [11]? 
• Is this behavioral change due to low level of technology readiness levels 

(TRLs), lower cost or inability to purchase some parts? 
• Is this behavioral change due to other changes in the product? 
• Is this an exigent behavioral change and should it be done? 

To quantify these questions, the relationships in Table 1 are used. The fol-
lowing points should be considered for using Table 1: 
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Table 1. Effect number index. 

producer Symbol and impact number Coefficient name 

Chief Designer a (1..4) Workload 

project manager b (1..4) Consumer resources 

Related specialists c (1..4) Time 

Chief Designer/Simulator 
person 

if 
+ → d (0.25..1) Improve of 

requirements − → d (1..4) 

project manager if 
+ → f (0.1..1) 

exigent 
− → f (1..2) 

 
• The selection of the amount of impact number [7] is done qualitatively by the 

relevant people. 
• Values greater than 1 indicate a greater impact intensity, and values less than 

1 lead to positive effects of behavioral change. 
• The workload coefficient is obtained by the chief designer after using the 

CAM software [14]. 
• The coefficient of resource consumption is determined by the project man-

ager after announcing the opinion of the involved parts [15]. 
• The time coefficient is determined after announcing the time required for 

each sub-section to perform its specific behavioral properties. 
• Requirement improvement coefficient is obtained after reviewing the design-

er or the person responsible for performance analysis [16] (simulator person) 
in order to influence the behavioral change on the improvement of require-
ments according to the customer. 

• The exigent coefficient is obtained according to the forced effect of a beha-
vioral change to remove the exigent or the lack of suitable materials and parts 
or etc. 

The probability value of the effect is obtained from the following relation: 

POE a b c d f= × × × ×                      (1) 

TAC b c= ×                           (2) 

Depending on the value of the probability of effect (POE) parameter and the 
time and cost (TAC) of consumption, can be made quantitatively for managerial 
decision making for a behavioral change. POE quantifies the impact [7] of the 
requested behavioral change on the project [15], and TAC quantifies the amount 
of time and cost. 

2.4. Behavioral Change Management Algorithm 

A behavioral change request can be made by any of the subsystems. This request 
is made for one of the following reasons: 
• Growth of structure failure in redesign 
• Reduction of costs 
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• Layout and location constraints 
• Improvement of customer requirements 
• Optimization in redesign 

In the first step, the behavioral change request is sent to the BCMC, and this 
center examines the behavioral change request according to the effectiveness of 
the change. Follow-up and implementation of behavioral change management 
[6] algorithm according to Figure 4, is done by the BCMC. This algorithm is 
performed according to the needs of the project manager, system chief designer 
and personnel engaging the project [15]. The comprehensive GA for behavioral 
change management [6] consists of five main parts: 

1) Configuration and sensitization of all matrix elements regarding each other 
2) Constrain levels of each part of a redesign phase 
3) Using CAM software [14] 
4) Trade-off Propagation method (Propagation Model) 
5) Management evaluation in order to PLM. 

2.5. Application of the Suggested Method to a Case Study 

CGSs are gyroscopic devices that are applied for stabilizing a variety of instru-
ments and equipment on moving objects [9] [10]. This is done by a closed-loop 
feedback control system which detects the error of orientations and tries to di-
minish this errors. These devices are also used to measure the deflection angles 
of flying objects. These include directional and vertical gyroscopes and 3-axis 
positioning systems based on CGSs. There are various instruments and equip-
ment in CGS which should be stabilized such as: accelerometers of the inertial 
navigation system, cameras mounted on flying objects, astronomical navigation 
blocks, and so on [9] [10]. 

From the stabilization point of view, CGSs are divided into active and passive 
types, and from the mission point of view, they are divided into types of force 
and indicator, in the sense of degrees of freedom of devices against angularly 
stabilization, they are divided into one, two and 3-axis types. In this regard, the 
control system of a 3-axis CGS stabilizes and controls all three axes of the body 
in space [9] [10]. 

From the stabilization point of view, CGSs are classified into two types: pas-
sive and active. Figure 5 shows different types of CGSs for camera stabilization. 

The passive (or uniaxial) type basically consists of a three-degree free gyros-
cope that neutralizes the annoying torques applied to the object attached to its 
outer frame by moving forward around its inner frame axis, producing gyros-
copic torque. Here, gyroscopic rigidity and gyroscopic precession principle will 
be of great importance. Due to the inherent defect in the passive CGS, i.e. the 
loss of the stabilizing properties of the gyroscope at a deviation of about 90 de-
grees, an actuator helps the gyroscope become stable through the feedback cir-
cuit in which case an active CGS will be obtained. In this type of CGS a regulator 
control system returns the precision axes to their initial position by utilization of 
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pickoff sensors or shaft encoders as the measurement devices of angular devia-
tions. This keeps the precession axis of gyroscope close to zero or eliminating the 
annoying external torques. This type of CGS is also called “force CGS”. Com-
pared to a force CGS, it is an indicator type which is an active CGS and due to its 
gyroscope type, it does not produce gyroscopic torque at all. In this type of CGS, 
the gyroscope is mounted on the stability axis and directly measures the deviation  

 

 
Figure 4. Comprehensive algorithm for management of behavioral changes. 
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Figure 5. Different types of CGSs for camera stabilization. (A) Passive; (B) Active (Force CGS); (C) Active (Indicator CGS). 
(Adapted from, respectively:  
https://luminous-landscape.com/kenyon-labs-gyro-stabilizer/www.flightliteracy.com/inertial-navigation-system-ins-part-one/che
esycam.com/custom-pelican-hard-case-for-dji-ronin-m-gimbal-1uas-carry-on-size/). 
 

of the stability angle from zero and based on this, the command creating control 
torque is delivered by the feedback circuit. Here, the task of eliminating the ex-
ternal annoying torque is only the responsibility of the torque generator motor. 
Based on what has been said about indicator CGS, feedback circuits, especially 
torque motors, must be of very high accuracy and quality to ensure proper sta-
bility accuracy, in the event that, in the force CGS, there is less need for motors 
with very high accuracy and quality. 3-axis CGSs can be divided into two catego-
ries based on the type of structure: with platform and without platform [9] [10]. 
Either of above mentioned types has advantages and disadvantages. Advantages 
and Disadvantages of CGS systems with platform are as follows: 

Advantages of CGS systems with platform are as follows: 
1) Simpler gyros. Because the sensor platform rotates only at small rates needed 

to keep it level, the gyros need only a small dynamic range. A maximum rate of 3 
degree/s would suffice for a gyro of 0.01 degree/h performance (e.g., for an air-
craft navigator), a range of 106. Further, gyro torque errors do not lead to atti-
tude error. The lack of gyro rotations means that there are no aniso inertia and 
output axis angular acceleration errors to minimize in the design. 

2) Higher accuracy. Because the accelerometer axes are always well defined, 
the platform navigator can be very accurate; the North and East accelerometers 
see no component of gravity and measure only the vehicle accelerations. The ver-
tical accelerometer, though, measures the vehicle’s vertical motion in the pres-
ence of 1 g, therefore less accurately. In an aircraft this causes altitude errors, 
which can be compensated with a barometer signal. 

3) Self-alignment by gyro compassing. 
4) Sensor calibration by platform rotations. The other sensor biases are obtained 

by orienting the platform with each major axis vertical in turn, provided there is 
enough time. 

Disadvantages of CGS systems with platform are as follows: 
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1) Complexity and cost. The gimbal structure and its bearings must be stiff so 
that the accelerometer axes remain defined even under vehicle vibrations, but 
the bearings and slip rings must have as little friction as possible. As a result, the 
gimbal structure is an elaborate, precisely made, expensive, mechanism. 

2) Gimbal magnetics. Each gimbal must have a pickoff and torque. The pick-
offs (synchros) measure the inter gimbal angles with arc-sec resolution over a 
full revolution, a range of 106. When the system is first switched on, the torquers 
need to provide enough torque to accelerate the platform inertia so that it can 
gyrocompass and align itself to Level and North in a reasonable time. The tor-
quers also must not leak magnetic flux, for that could upset the sensors as the 
gimbals move around them. 

3) Reliability. The bearings and slip rings tend to wear, degrading alignment 
and performance. 

Advantages and Disadvantages of Strap-down (CGS systems without plat-
form) are as follows: 

Advantages of Strap-down systems are as follows: 
1) Simple structure, low cost. Strap-down systems are lighter, simpler, cheap-

er, and easily configured for odd-shaped spaces. As it is only necessary to mount 
the sensors so that their sensing axes point in known directions (usually ortho-
gonal) in the vehicle, they can be placed so that they best use the space available. 

2) Ruggedness. The simpler structure better withstands shock and vibration, 
and, because it is lighter, it is easier to shock mount than a platform. 

3) Reliability. There are no gimbal magnetics, no slip rings, and no bearings. 
The electronics that replace them are inherently more reliable. 

Disadvantages of Strap-down systems are as follows: 
1) Alignment. Strap-down systems are difficult to align because they cannot 

be easily moved. Transfer alignment is suitable for tactical systems. 
2) Sensor calibration. Again, the immobility means that the sensors cannot be 

calibrated in the system. Therefore, they must be stable, a burden on the sensor 
design. Strap-down systems rely on sensor models, using real-time compensa-
tion of inertial errors and thermal effects. 

3) Motion-induced errors. The body motions induce unique sensor errors (tor-
que errors, anisoinertia, output axis angular acceleration), which can be com-
pensated to some degree. 

4) Accelerometer errors. Bias errors accumulate, and Strap-down accelerome-
ters may be subjected to components of gravity as the vehicle rolls and pitches, 
reducing the accuracy of the vehicle acceleration measurement and exciting 
cross-axis errors. 

5) The Strap-down computer. Not needed in the platform system, the com-
puter must be fast enough to do all the Strap-down calculations in a few millise-
conds. In a typical system, a bandwidth of 100 Hz demands that sensor com-
pensation and coordinate transformation must be done in less than 0.01 s. This 
requires well-crafted program code. 

Based on above mentioned materials, active CGSs use a control feedback cir-
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cuit that drives a servo motor to react to external disturbances according to rela-
tionships and properties and return the platform to its stable state. For this pur-
pose, the inertia between the inner and outer frame should be in acceptable 
range so that make the overall system stabilizable. This will be too complicated 
for a 3-axis CGS that has coupled equations for three axes of stability [9] [10]. 
Figure 6 shows how to determine the behavioral elements for the phantom drone 
CGS. There are (32 × 3) = 96 the behavioral element which is defined using three 
behavioral characteristics: mechanical (Me), electrical (El) and thermal (Th). Be-
havioral links between these 96 elements are first recorded in the design struc-
ture matrices related to the behavioral properties and then together in a beha-
vioral design structure matrix. 

A right hand side coordinate system that includes the relationships of all 
members of the gyroscopic stabilization system is shown in Figure 7 [9] [10]. 
The axes XP, YP and ZP are related to the platform, and XI, YI and ZI are related 
to the inner frame, the coordinates XO, YO and ZO are related to the outer frame 
and the coordinates XG, YG and ZG are related to the base. The members of this 
CGS are assumed to be rigid. The angles and the angular velocities of members 
are defined as follows [9] [10]: 

θ: The relative angle between the inner frame and the platform, which is meas-
ured about the Y axis of the platform(YP). 

ψ: The relative angle between the outer and inner frames that is measured 
about the Z axis of the inner frame(ZI). 

ϕ: The relative angle between the outer frame and the base that is measured 
about the X axis of the outer frame(XO). 

The angles and the angular velocities defined above follow an Euler sequence 
of 1, 2, 3 (ϕ, ψ, θ) starting at the base and ending at the platform. 

Each member of the system behaves as a rigid body. The net torque applied to 
each frame includes the torque applied to that frame by the adjacent outer frame 
and the reaction torque by the inner frame adjacent to that frame (See Figure 
5(B) & Figure 5(C)). The corresponding equations are expressed in the coordi-
nate system for each member. Adjacent members and frames are defined ac-
cording to Figure 7. The dynamic equations of the system are written in such a  

 

 
Figure 6. Determining the behavioral elements for the phantom drone. 
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Figure 7. Relationships of all members of the 3-axis CGS. 

 

 
Figure 8. Block diagram of LQR controller of a 3-axis CGS Phantom drone. 
 

way that it starts with the innermost member and progresses to the outermost 
member, the base (See Figure 5(B) & Figure 5(C)). Figure 8 and Figure 9 show 
the block diagram of a simulated linear model of a 3-axis CGS of a phantom 
drone in the presence of a Linear Quadratic Regulator (LQR) controller and a 
Proportional Integral Derivative (PID) controller. Highlights of the phantom 
3-SE drone include professional positioning, a 4 K camera with 3-axis CGS, a 
flight time of 25 minutes, and an image transmission system with a range of 4 
km. Figure 10 shows the phantom 3-SE drone and Figure 11 shows the camera 
and 3-axis CGS of the phantom drone. The phantom 3-SE drone is made in di-
mensions of 50 × 50 cm. The CGS is a device that eliminates the vibration of the  
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Figure 9. Block diagram of PID controller of a 3-axis CGS Phantom drone. 

 

 
Figure 10. Phantom 3-SE drone. 

 

 
Figure 11. Camera and 3-axis CGS of the phantom drone. 

 
drone. In conventional drones that are not equipped with CGS, blurry photo will 
be a natural thing that can be annoying, even the mount of the camera cannot 
completely eliminates the vibration. The only device that can completely elimi-
nate vibration is the CGS, which is available in 3 types: 1-axis, 2-axis and 3-axis. 
The CGS used in the phantom 3-SE drone is a 3-axis type, which is designed by 
DJI Company and is designed only for the phantom 3. It is important to note 
that even a slight shake can ruin the best shooting scenes. The 3-axis CGS de-
signed for the phantom 3-SE assures the user that there will be no vibration in 
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her/his images and videos. During the flight, if the drone deviates in any direc-
tion, the CGS will stabilize the camera and will not allow the images to be shaken 
and recorded in a damaged way [9] [10]. 

The phantom drone is divided into 32 components. 16 of them are related to 
the phantom drone and 16 are related to the 3-axis CGS. Figure 12 shows the 
product decomposition of the phantom drone with a 3-axis CGS. The BCDSM 
matrix has previously been demonstrated for a 3-axis CGS with a drone. Using 
this matrix, the execution procedure for a new change request is given below. 
According to the algorithm of Figure 4, after receiving the change request from 
the BCMC, the following activities are performed in the following order: 

1) Development of a BCDSM Matrix 
-Design phase: preliminary design 
-Constraint level: behavioral attributes of components (mechanical, electrical 

and thermal) 
2) Use the CAM software [14] to evaluate the sensitivity of the effects of change 

and identify the system parameters involved 
 

 
Figure 12. Product decomposition of the phantom drone with a 3-axis CGS. 
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-The 1st Part of CAM: development of sensitivity of all parameters to each 
other by functional simulation of subsystems. 

-The 2nd part of CAM: calculating the range of first level changes of parame-
ters to the requested change and calculating the range of second level changes of 
parameters to this change in subsystem algorithms. 

-The 3rd part of CAM: integrating of changes in the design process using the 
Integrating coefficient index 

The first result of using CAM software [14] to Change requested is CL = 2. 
3) Send CAM software [14] information and BCDSM sensitivity by the BCMC 

to the relevant sections. 
4) Calculate configuration management coefficients according to section 5. 
5) Calculate the values of probability of the effect and the effect of time and 

cost POE = 9.6; TAC = 4 and confirmation of change is issued by BCMC. 
6) Figure 13 shows the algorithm for managing the change of requested beha-

vioral attributes. This algorithm is a significant process to avoid a chain formation 
of multiple and divergent changes. 

7) Figure 14 shows the mechanical behavior change propagation model for 
 

 
Figure 13. Algorithm for managing the change of requested behavioral attributes. 
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Figure 14. Mechanical behavior change propagation model for 3-axis CGS and drone. 
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3-axis CGS and drone. Using the algorithm of Figure 13 and CAM software 
[14], the best model of propagation according to Figure 14 is obtained. This 
model is the result of the trade-off process of the parameter cycle in the design 
integrating cycle with the minimum change propagation index. 

The mechanical behavioral property design structure matrix shown in Figure 
14 is the densest behavioral property design structure matrix. 

Figure 15 shows the balance of management for a part of behavioral change 
attributes of a 3-axis CGS and drone to request pitch motor (element 27) change 
in CAM software [14]. After integration of design parameters (integrating coef-
ficient β), the change control α is performed and the results of the change control 
equilibrium for requesting the change of behavioral (mechanical) attribute in the 
pitch motor are obtained, according to Figure 15. This Figure shows the change 
propagation as a network [13]. In Figure 15, by considering a change initiator, 
the path of change propagation in other components can be followed. To find 
the optimal propagation probability for any desired path and to obtain the mini-
mum process execution time, a GA is applied to the change process model. Fig-
ure 15 also shows that many changes in the complex engineering design process 
[8] of 3-axis CGS are interlinked and this makes it possible for designers deter-
mine the direction of change propagation it has been previously impossible 
through manual analysis [16]. 

3-axis CGS configuration management coefficients are shown in Table 2. 
In a complex 3-axis CGS system [8], structural, behavioral, and functional 

attributes are intertwined. Whenever a design change occurs in one of the attributes 
of this complex system, the attributes of other components are also affected by  

 

 
Figure 15. Balance of management for a part of behavioral change attributes of a 3-axis CGS and 
drone to request pitch motor (element 27) change in CAM software. 
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Table 2. 3-axis CGS configuration management coefficients. 

No. Coefficient name Quality level Quantification 

1 Workload (total 
behavioral properties + 
complexity of matrix 
communication) 

Level of subset = 1 

Level of subsystem = 2 

Level of Systemic convergence = 3 

Level of Systemic non-convergent = 4 

a = 3 

2 Consumption resources 
(adding time + cost to 
the project) 

Less than 0.1% = 1 

Less than 1% = 2 

Less than 5% = 3 

More than 5% = 4 

b = 2 

3 Time spent by subgroups 
(change in project Gantt 
time) 

No change = 1 

Less than 0.1% = 2 

Less than 5% = 3 

More than 5% = 4 

c = 2 

4 Improve of requirements No impact = 1 

Positive impact = less than 1 

Low negative impact = 2 

High negative impact = 3 

High change in a main requirement = 4 

d = 0.8 

5 Exigent Removable in the range of resources = less than 1 

Irreversible in the range of resources = More than 1 

f = 1 

 
that change [8]. Therefore, it would be important to understand the further 
changes propagation to redesign this product. In summary, first, the observation 
of the attributes change starts from the BCDSM matrices to show all the rela-
tionships between the attributes of this product. Second, the attribute of each 
component is analyzed to quantify probability and impact value with manage-
ment through a checklist [7]. Values indicate that how useful or risky the beha-
vioral attributes of a component are in terms of change. The system dynamics 
are implemented to plot complex relationships and change current [8]. This pa-
per presents a new and efficient approach to managing changes in the design 
process of a 3-axis CGS to stabilize the camera mounted on a drone. This ap-
proach has been developed using systems engineering theory to enhance the be-
havior design process of 3-axis CGS. Therefore, designers can understand how 
to change the behavioral attributes of a 3-axis CGS and then redesign it to meet 
new requirements. To design the 3-axis CGS behavior with the aim of minimiz-
ing change propagation, the change propagation index (CPI) is introduced as 
follows [7]: 

, , , ,
1 1

N N

i i j i k out i in i
j k

CPI E E E E
= =

= ∆ − ∆ = ∆ −∆∑ ∑               (3) 
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In which N is the number of behavioral attributes of the system elements and 

,i jE∆  is a binary matrix (0, 1) which shows that the behavioral attributes of 
element i have changed due to a change in the behavioral attributes of element j. 
Here, the CPI has helped classify the behavioral attribute of the elements in 
terms of their relationship to change. Thus, the behavioral attributes of an ele-
ment with CPI > 0 multiplies change, the behavioral attribute of an element with 
CPI = 0 carries change, and the behavioral attribute of an element with CPI < 0 
absorbs change. The sum of the changes applied by all N elements, including the 
self-variable changes in element i with in-degree and the sum of the values of 
change applied from element i to all other N − 1 elements by out-degree is 
shown and the change propagation index is calculated as the following is simpli-
fied to a number between −1 and +1. 

( ) ( ) ( )
( ) ( )

out in

out in

C i C i
CPI i

C i C i
−

=
+

                    (4) 

Here, a value of +1 for the behavioral attribute of each element represents a 
complete multiplier of change. It means that a change in the behavioral attributes 
of that component, only effects the behavioral attributes of other components 
and has not any change itself. Value −1 for each element represents a complete 
absorber of a change. That is, the component absorbs only changes in behavioral 
attributes but does not make or transfer a change by itself. As expected, most 
elements have a combination of input and output changes which provide weak 
multipliers. Elements with zero or near zero CPI can be assumed as carriers of 
change. 

A combination of data and different methods of displaying and interpreting 
this data, including the use of network image [13], BCDSM using CAM software 
[14] to visualize the propagation of behavioral changes, was described formerly. 

For design of a 3-axis CGS with the goal of minimizing the propagation of 
behavioral changes, another index called clustering coefficient (CLC) is intro-
duced as follows: 

{ }
( )

: , ,

1
jk j k i jk

i
i i

e v v N e E
C

k k

∈ ∈
=

−
                  (5) 

where vk and vj represent the behavioral elements k and j respectively. E is the set 
of connecting edges between the behavioral elements V, and ki represents the 
number of elements. ejk is an edge that connects the behavioral element j to the 
behavioral element k. Ni is a neighborhood for a behavioral element vi that is 
closely attached to adjacent behavioral elements as follows: 

{ }:i j ij jiN v e E e E= ∈ ∨ ∈                     (6) 

To design a 3-axis CGS with the aim of finding the shortest path for the 
propagation of behavioral changes, another index called the between ness cen-
trality coefficient (BNCC) is introduced [5]. The BNCC for measuring the cen-
trality of a behavioral element among other behavioral elements is based on the 
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shortest paths and is introduced as follows [5]: 

( ) ( )st

s v t st

v
g v

σ
σ≠ ≠

= ∑                        (7) 

where stσ  is the total number of shortest paths from the behavioral element s 
to the behavioral element t. ( )st vσ  is the number of paths that pass through 
the behavioral element v. The BNCC for a behavioral element is scaled by the 
number of pairs of behavioral elements, which is also presented as a sum of in-
dicators. Therefore, the calculation is divided by dividing the number of pairs of 
behavioral elements without taking into account the behavioral element v, so 
that the number corresponding to g is in the range [0, 1]. The number of pairs of 
behavioral elements with (N − 1) (N − 2) it shows that N is the number of large 
behavioral elements. It should be noted that this scale is intended for the highest 
possible value of g, where a behavioral element has crossed each of the shortest 
single paths [5]. In practice normalization without loss of accuracy is performed 
as follows: 

( )( ) ( ) ( )
( ) ( )

min
max min

g v g
normal g v

g g
−

=
−

                (8) 

Which eventually leads to: 

( )
( )

max 1

min 0

normal

normal

=

=
                       (9) 

3. Results and Discussion 

Tables 3-5 show the CPI for the entire set of elements (behavioral attributes). 
By calculating the CPI, the system elements are sorted in a domain associated 

with the real number set {−1, +1} in which −1 stands for highest degree of ab-
sorbance and +1 shows the highest level of multiplication. Elements in the range 
0.4 < CPI < 1 are strong multipliers of the behavioral change (mechanical, elec-
trical, and thermal) of 3-axis CGS. By calculating the CPI, the elements of the 
system can be shown on the absorber to multiplier the change in the range of −1 
to +1 as shown in Figure 16. 

Since scaling has always been done from a smaller range to a larger one, there 
will be no loss of accuracy (Tables 6-8). 

To design a 3-axis CGS with the aim of accessing the special behavioral ele-
ments, in order to better management of propagation of behavioral changes, 
another index called reachability coefficient (RC) has been introduced. RC refers 
to the ability to move from one behavioral element to another (Tables 6-8). 

In Tables 6-8 the CLCs show how much the behavioral elements of the CGS 
design matrix tend to come together. The high CLC for each behavioral element 
indicates that its subsystem components are highly linked to that subsystem, but 
they have little to do with other subsystems. 

By calculating CLC, BNCC and RCs, for the behavioral elements of the sys-
tem, they can be shown on separate spectra for mechanical, electrical and ther-
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mal behaviors as shown in Figure 17. 
 

Table 3. CPI value for the mechanical behavioral attributes elements of 3-axis CGS. 

No. Component Name ( )inC i  ( )outC i
 CPI 

1 Me1 45 9 −0.67 

2 Me2 26 2 −0.86 

3 Me3 26 2 −0.86 

4 Me4 26 2 −0.86 

5 Me5 26 2 −0.86 

6 Me6 4 1 −0.6 

7 Me7 27 4 −0.74 

8 Me8 27 4 −0.74 

9 Me9 27 4 −0.74 

10 Me10 27 4 −0.74 

11 Me11 24 3 −0.78 

12 Me12 24 3 −0.78 

13 Me13 20 2 −0.82 

14 Me14 20 2 −0.82 

15 Me15 20 2 −0.82 

16 Me16 20 2 −0.82 

17 Me17 26 24 −0.04 

18 Me18 20 9 −0.38 

19 Me19 20 9 −0.38 

20 Me20 20 9 −0.38 

21 Me21 20 9 −0.38 

22 Me22 24 13 −0.3 

23 Me23 11 14 0.12 

24 Me24 11 15 0.15 

25 Me25 11 13 0.08 

26 Me26 11 14 0.12 

27 Me27 11 12 0.04 

28 Me28 13 13 0 

29 Me29 13 8 −0.24 

30 Me30 14 3 −0.65 

31 Me31 12 2 −0.71 

32 Me32 11 2 −0.69 
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Table 4. CPI value for the electrical behavioral attributes elements of 3-axis CGS. 

No. Component Name ( )inC i  ( )outC i
 CPI 

1 El1 9 0 −1 

2 El2 2 0 −1 

3 El3 2 0 −1 

4 El4 2 0 −1 

5 El5 2 0 −1 

6 El6 27 44 0.24 

7 El7 20 10 −0.33 

8 El8 20 10 −0.33 

9 El9 20 10 −0.33 

10 El10 20 10 −0.33 

11 El11 4 0 −1 

12 El12 4 0 −1 

13 El13 2 0 −1 

14 El14 2 0 −1 

15 El15 2 0 −1 

16 El16 2 0 −1 

17 El17 6 12 0.33 

18 El18 3 0 −1 

19 El19 3 0 −1 

20 El20 3 0 −1 

21 El21 3 0 −1 

22 El22 6 0 −1 

23 El23 20 20 0 

24 El24 3 0 −1 

25 El25 20 19 −0.03 

26 El26 3 0 −1 

27 El27 20 18 −0.05 

28 El28 3 0 −1 

29 El29 20 11 −0.29 

30 El30 4 0 −1 

31 El31 3 0 −1 

32 El32 3 0 −1 
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Table 5. CPI value for the thermal behavioral attributes elements of 3-axis CGS. 

No. Component Name ( )inC i  ( )outC i
 CPI 

1 Th1 18 5 −0.57 

2 Th2 3 0 −1 

3 Th3 3 0 −1 

4 Th4 3 0 −1 

5 Th5 3 0 −1 

6 Th6 5 29 0.71 

7 Th7 6 3 −0.33 

8 Th8 7 3 −0.4 

9 Th9 7 3 −0.4 

10 Th10 7 3 −0.4 

11 Th11 8 0 −1 

12 Th12 8 0 −1 

13 Th13 4 0 −1 

14 Th14 4 0 −1 

15 Th15 4 0 −1 

16 Th16 4 0 −1 

17 Th17 12 12 0 

18 Th18 6 0 −1 

19 Th19 6 0 −1 

20 Th20 6 0 −1 

21 Th21 6 0 −1 

22 Th22 12 2 −0.71 

23 Th23 9 13 0.18 

24 Th24 6 6 0 

25 Th25 9 12 0.14 

26 Th26 6 6 0 

27 Th27 9 10 0.05 

28 Th28 6 4 −0.2 

29 Th29 11 4 −0.47 

30 Th30 8 1 −0.78 

31 Th31 6 1 −0.71 

32 Th32 6 1 −0.71 
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Figure 16. CPI range from -1 to +1 for the behavioral attributes of mapped elements for phantom CGS. 
 

Table 6. CLC, BNCC and RCs for the mechanical behavioral attributes elements of 3-axis 
CGS. 

No. Component Name CLC BNCC RC 

1 Me1 0.153 2102.643 144 

2 Me2 0.208 2.572 144 

3 Me3 0.208 2.572 144 

4 Me4 0.208 2.572 144 

5 Me5 0.208 2.572 144 

6 Me6 0.083 2.985 144 

7 Me7 0.209 165.323 144 

8 Me8 0.209 165.323 144 

9 Me9 0.209 165.323 144 

10 Me10 0.209 165.323 144 

11 Me11 0.219 113.488 144 

12 Me12 0.219 313.488 144 

13 Me13 0.207 19.786 144 
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Continued 

14 Me14 0.207 19.786 144 

15 Me15 0.207 19.786 144 

16 Me16 0.207 19.786 144 

17 Me17 0.104 2285.417 144 

18 Me18 0.172 230.468 144 

19 Me19 0.172 230.468 144 

20 Me20 0.172 230.468 144 

21 Me21 0.172 230.468 144 

22 Me22 0.189 1111.781 144 

23 Me23 0.103 1063.137 144 

24 Me24 0.111 1052.487 144 

25 Me25 0.123 975.552 144 

26 Me26 0.117 976.348 144 

27 Me27 0.131 908.953 144 

28 Me28 0.108 1003.449 144 

29 Me29 0.152 208.952 144 

30 Me30 0.275 33.902 144 

31 Me31 0.242 40.117 144 

32 Me32 0.2 567.434 144 

 
Table 7. CLC, BNCC and RCs for the electrical behavioral attributes elements of 3-axis 
CGS. 

No. Component Name CLC BNCC RC 

1 El1 0.417 0 32 

2 El2 1 0 32 

3 El3 1 0 32 

4 El4 1 0 32 

5 El5 1 0 32 

6 El6 0.106 1661.545 106 

7 El7 0.387 54.963 106 

8 El8 0.387 54.963 106 

9 El9 0.387 54.963 106 

10 El10 0.387 54.963 106 

11 El11 0.667 0 32 

12 El12 0.667 0 32 

13 El13 1 0 32 
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Continued 

14 El14 1 0 32 

15 El15 1 0 32 

16 El16 1 0 32 

17 El17 0.131 38.911 32 

18 El18 0.833 0 32 

19 El19 0.833 0 32 

20 El20 0.833 0 32 

21 El21 0.833 0 32 

22 El22 0.7 0 32 

23 El23 0.203 202.644 106 

24 El24 1 0 32 

25 El25 0.22 150.062 106 

26 El26 1 0 32 

27 El27 0.232 145.4 106 

28 El28 0.667 0 32 

29 El29 0.356 81.027 106 

30 El30 0.833 0 32 

31 El31 1 0 32 

32 El32 1 0 32 

 
Table 8. CLC, BNCC and RCs for the thermal behavioral attributes elements of 3-axis 
CGS 

No. Component Name CLC BNCC RC 

1 Th1 0.172 207.656 64 

2 Th2 0.333 0 64 

3 Th3 0.333 0 64 

4 Th4 0.333 0 64 

5 Th5 0.333 0 64 

6 Th6 0.07 358.616 65 

7 Th7 0.208 63.321 65 

8 Th8 0.208 63.321 106 

9 Th9 0.208 63.321 106 

10 Th10 0.208 63.321 106 

11 Th11 0.286 0 64 

12 Th12 0.286 0 64 

13 Th13 0.333 0 64 
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Continued 

14 Th14 0.333 0 64 

15 Th15 0.333 0 64 

16 Th16 0.333 0 64 

17 Th17 0.105 122.61 64 

18 Th18 0.367 0 64 

19 Th19 0.367 0 64 

20 Th20 0.367 0 64 

21 Th21 0.367 0 64 

22 Th22 0.242 33.465 64 

23 Th23 0.102 181.567 106 

24 Th24 0.167 18.138 64 

25 Th25 0.124 91.945 106 

26 Th26 0.167 12.902 64 

27 Th27 0.134 95.381 106 

28 Th28 0.222 14.599 64 

29 Th29 0.17 257.803 106 

30 Th30 0.361 5.29 64 

31 Th31 0.381 2.645 64 

32 Th32 0.381 2.645 64 

 

 
Figure 17. Range of Ci, g (v), G coefficients for behavioral elements of phantom CGS. 

4. Conclusion 

The main goal of the current research is to suggest a new approach for the iden-
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tification of dependencies among a product’s variables and to characterize them 
to predict the change impacts. A 3-axis CGS is modeled as a network of behavioral 
characteristics. The proposed process includes managerial decision-making and 
how to identify the best path for the process of change propagations in beha-
vioral elements. The phantom sample drone with 32 components and 3 beha-
vioral characteristics has been selected for each component. Half of which is re-
lated to the bird and the other half is related to the triangular gimbal. Behavioral 
links between elements are placed in a behavioral clustering design structure 
matrix (BCDSM). A constant change effect value is measured for all links and 
one of the three values, 0.3, 0.5 and 0.8 corresponding to low, medium and high 
probability of change, respectively, and is included in the matrices. In addition, a 
set of numerical indicators is created to help classify the various behavioral cha-
racteristics of the system as a receptor or reflector of change. By the criteria of 
“normal change propagation”, “clustering coefficient”, “degree of centrality”, 
“reachability” and etc. through software code based on GA, change propagation 
analysis is performed. This method is implemented on a sample drone. The re-
sults, indicate that the absorption of change by behavioral elements is dominant 
in the mechanical (63.9%), electrical (61.1%) and thermal (38.9%) behaviors of 
the drone camera stabilizer system in redesign process. Therefore, it seems that 
the absorption of change by behavioral elements is dominant in the mechanical, 
electrical and thermal behaviors of the 3-axis CGS system. The importance of 
behavioral change absorbers is that they are best candidates for reducing or 
stopping the BCP. In general, behavioral change absorbers are also best candi-
dates for reducing the cost of behavioral changes in the system and are desirable 
for the designer. 
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