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5.4. Assemblability Optimization

The proposed method in Section 4 is taken to find the accuracy compensation schemes. The results
are shown in Figure 13.

Figure 13. The accuracy compensation schemes.

Figure 13 shows the accuracy compensation schemes. The first point on the X axis is the KAC
quantity to be compensated. The second point is the volume of the coordination zone of the scheme.
The latter ones are the number of KACs. The Y axis is the scheme number. The Z axis is the value of
the X axis. Seven connectors need to be adjusted to complete assembly in scheme 1. Finally, scheme
18, which needs nine connectors to be compensated, is taken by considering the assembly quality.
The coordination space of the scheme is 56d. d is the volume of the maximum pose space divided
by random times. In this case, d is 2.46 X 107 mm?rad®. The KAC number to be compensated
is 5, 6, 8, 10, 12, 14, 18, 19, and 20. The center SDT of the coordination zone in scheme 18 is
(~0.0363 mm, 0.0210 mm, 0.0098 mm, 2.52 x 10~° rad, 1.64 x 10~ rad, —2.35 x 10° rad)).

The deviation is calculated under the center SDT listed in Table 3.

Table 3. The deviations of the connectors.

No. dr/mm d¢/mm No. dr/mm dc¢/mm
1 0.145 0.034 11 0.150 —0.036
2 0.188 —-0.031 12 0.351 —-0.013
3 0.169 0.064 13 0.142 -0.022
4 0.151 0.031 14 0.391 —0.286
5 0.230 0.004 15 0.133 0.016
6 0.249 0.070 16 0.031 —-0.039
7 0.025 0.037 17 0.056 0.032
8 0.222 —0.034 18 0.204 —0.145
9 0.162 —-0.021 19 0.204 0.179
10 0.255 —-0.029 20 0.233 —-0.027

After simulation accuracy compensation for the above nine connectors, which is in bold and
italics in Table 3 (the proposed method), the coordination space is 101d, which is greater than 0. The
average coaxiality is 0.068 mm and the average clearance is 0.014 mm. The assemblability is good and
the assembly can be executed directly.

After simulation accuracy compensation for the above 10 connectors, which is in bold and italics in
Table 2 (the least square method), the coordination space is 9d. The average coaxiality is 0.084 mm and
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the average clearance is 0.014 mm. The assemblability is good but the assembly quality on coaxiality
is worse.

The result shows that the proposed method will generate a better accuracy compensation scheme
with less workload and better assembly quality, which improves the assemblability.

The measurement and connector adjustment process took about 8 h during the assembly. The
pose adjustment process took about 2 h. Therefore, it took about 10 h in total based on the proposed
method. The original assembly process took more than 20 h because the first trial assembly and
accuracy compensation process cannot realize the re-trial assembly smoothly. Three or four times the
assembly are needed to guarantee the assembly quality.

6. Discussion

Compared to the previous research, the major contributions in this paper are listed as follows: (1)
The concept of assemblability and coordination accuracy in the design/drawing stage are extended into
the measurement-assisted assembly. (2) An assemblability analysis method based on the measurement
data and the coordination space model is proposed for predicting the key assembly deviations. (3) The
accuracy compensation methods based on the optimal pose might lead to more workload and worse
assemblability. Therefore, an assemblability optimization method is proposed for less workload and
better assembly quality. In addition, the space manipulator assembly is taken as an example. The
result shows that the proposed method can optimize the assemblability with less workload and better
assembly quality compared to the accuracy compensation method based on the optimal pose.

The assemblability optimization method based on accuracy compensation improves the ability
to detect assembly problems in advance, which will benefit the automation assembly. Further, the
coordination space model and the small displacement torsor are useful for analyzing the assemblability
and optimizing the tolerances in the design/drawings phase, but the assemblability optimization
method is not useful. In the implementation of the method, high-precision digital measurement
equipment are needed. Measurement uncertainty will affect the reliability of the final results.

Future research include evaluating the influence of the measurement uncertainty on the
coordination space model. Then, the uncertainty of pose adjustment should be taken into consideration
compared to the volume of the coordination space to judge the feasibility of automatic pose adjustment.
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Abstract: Piping and instrument diagrams (P&IDs) are a key component of the process industry;
they contain information about the plant, including the instruments, lines, valves, and control
logic. However, the complexity of these diagrams makes it difficult to extract the information
automatically. In this study, we implement an object-detection method to recognize graphical symbols
in P&IDs. The framework consists of three parts—region proposal, data annotation, and classification.
Sequential image processing is applied as the region proposal step for P&IDs. After getting the
proposed regions, the unsupervised learning methods, k-means, and deep adaptive clustering are
implemented to decompose the detected dummy symbols and assign negative classes for them.
By training a convolutional network, it becomes possible to classify the proposed regions and extract
the symbolic information. The results indicate that the proposed framework delivers a superior
symbol-recognition performance through dummy detection.

Keywords: convolutional neural network; object detection; piping and instrument diagram;
unsupervised learning

1. Introduction

Engineering diagrams (EDs) are schematic drawings describing process flow, circuit construction,
and engineering device information. Among the many types of EDs, piping and instrument diagrams
(P&IDs) are broadly used in the production plant industry because they contain key information of
the plant, including piping, valves, instruments, control logic, and annotations. Moreover, extracting
this information—for example, where or of what type the objects are—is the first step in estimating
the number of elements and managing the project during its operational period. Most of the plant
industries, such as oil and gas production plants, have employed large teams of engineers to manually
count these entities and digitalize the information into their internal systems because there is no
module available to automatically extract such information from the diagrams. For decades, these tasks
have been considered inefficient and time-consuming tasks. Consequently, the demand for a module
enabling an automatic engineering diagram digitalization has increased as such procedures can
improve productivity and gain a competitive edge for the company in the global market.

However, there are obstacles to be overcome before applying this technology in real-world
scenarios. Firstly, the symbols of P&IDs come in a diverse range of forms, with approximately
100 different types for each entity [1]. Furthermore, there is an inter-similarity between these symbols
themselves. This requires the person interpreting and counting the symbolic entities to know the
P&ID symbols and legend sheets. In some diagrams, it is difficult to identify—through image
processing alone—a target symbol without confusing it with another symbol because there are so
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many objects. Moreover, in diagrams, text information such as notes, as well as line number or size
information, is presented near the symbols. This information is also often also written across the
symbol; therefore, it can present another obstacle in the effective recognition of diagrams. These key
challenges need to be overcome to enhance the capabilities of P&ID digitalization procedures in
real-world scenarios; however, there have been few studies applied to develop an object-detection
algorithm to overcome these limitations and present suitable applicability.

Within the field of machine vision for EDs, there have been a few studies that have sought to
extract specific information from the diagrams. In [2], the authors present new trends on machine
vision to extract various information from EDs, such as binarization, contextualization, segmentation,
and recognition. One of the most popular preprocessing methods is binarization; by adopting a
threshold value, this method converts an image into a binary representation, thereby removing
noise and improving entity identification in the diagram. There are several methods of applying
such image binarizations, including global thresholding [3], local thresholding, and adaptive
thresholding [4]. For line detection in the diagrams, canny edge detection [5], Hough transformations [6],
and morphological dilations have been discussed in the literature. Probabilistic Hough transform
(PHT) [7], which uses a random sampling of the edge points to detect lines in images, has been
applied for the robust detection of lines in engineering diagrams [8]. A shape-detection procedure,
employing a consistency attributed graph (CAG) with a sliding window, was used by [9] to construct a
symbol-detection procedure. As a comparable method, a recursive model of the morphological opening
was implemented by [10] to identify symbols by the empty fraction of their area. For text/graphics
segmentation (TGS), a connected component (CC) analysis [11] was used with size constraints in
an engineering diagram [12]. In one study [13], a procedure to realize pixel-wise classification into
text, graphics, and background was performed using filter banks and estimations of the descriptor
sparseness. To find a specific shape in the diagrams, template matching was also used with a symbol
shape incorporated as part of the prior information [14]. In [15], a threshold-based object-detection
algorithm was proposed for binary images.

For graphical symbol recognition using a machine learning approach for engineering diagrams,
there is very little previous research. In the past, the template matching method [16] has been famously
used to find a specific shape within an image by sliding the template across the entire window. In all
slides, the template calculated the similarity using convolutional estimation. However, this method has
an inherent disadvantage; when it estimates the similarity within a specific region, it uses the Euclidian
distance. This metric is intuitive, and the method is convenient to apply, but it cannot consider the
images with large numbers of dimensions. It judges similarity using only quantitative calculations.
Consequently, when it sets a high threshold value, it misses the shapes in the image owing to the
stringent criteria. In contrast, when it sets a low threshold value, it detects unsuitable shapes because
of its naive criteria. This makes it difficult to find a suitable threshold value and improve its detection
performance. Furthermore, almost all images in the real world contain noise or resolutions inadequate
for the implementation of machine vision methods. In terms of industrial scenarios, the template
matching-based method is not suitable for object detection in engineering diagrams.

In electrical EDs, circuit symbols can be recognized with morphological operations and geometric
analyses [17]. A convolutional neural network can be used to recognize the symbols in hand-sketched
engineering diagrams and convert them to a computer-aided design (CAD) program [18]. Adapting the
Hopfield model, an iterative neural network model was implemented for symbol recognition by
employing a prototype [19]. One symbol-classification method applied to P&IDs considered class
decomposition using k-means clustering [20]. Fully convolutional networks (FCN), which are an
end-to-end network for pixel-wise prediction, were first applied as object detection for P&IDs in [21].
In [22], the author proposed a method to extract various objects, including symbol, characters, lines,
and tables in a P&ID, using a machine vision method containing deep learning architecture. To reduce
human effort while validating the CAD documents, the P&IDs attributed by the graph form were
trained by a neural network and predicted the components vector which represents the diagram flow

142



Appl. Sci. 2020, 10, 4005

in [23]. However, these previous approaches toward symbol recognition for P&IDs could not control
the detection quality effectively for the symbols in the diagrams. Their applicability to real diagrams
could not be confirmed because unpredictable objects were detected during the region proposal.
This makes it difficult to recognize the target symbol owing to the characteristics of engineering
diagrams made up of quasi-binary components.

In object detection, certain algorithms have delivered remarkable performances in recent years.
The appearance of convolution networks has heralded significant improvements in image-classification
problems. Even so, unlike basic image classification, object detection requires the solution not only of
multi-labeled classification problems but also the bounding boxes for proposed regions in a digital image.
To achieve this, networks for object detection employ a region proposal network (RPN), which plays the
role of finding the symbol-region candidates, before classifying images. In a region-based convolutional
neural network (R-CNN) [24], a selective search algorithm [25] was used for the RPN, and the boxed
images were fed to the network for classification. RPN extracts numerous boxes from an image,
considering the colors, scale, boundary, etc., of the object. The proposed regions are reshaped
before being fed into the convolutional network for image classification. However, R-CNN has
inherent limitations; it is expensive and slow. All processes in R-CNNs, from the RPN to the
convolutional network, render the model inefficient and slow to detect objects in an image in real-time.
Advanced models such as Fast R-CNN [26] and Faster R-CNN [27] improve network performance
and speed by including the RPN in the neural network. In fast R-CNN, by employing a selective
search algorithm as the RPN and implementing it into the neural network, it becomes possible to
combine the different procedures into one end-to-end network. In Faster R-CNN, to reduce time
consumption in the selective search algorithm, the algorithm was replaced by a combined neural
network, which made the detection much faster. Many other state-of-the-art algorithms are being
proposed as next-generation object identification strategies [28,29]. However, these have focused on
problems such as the improvement of model accuracies for colored images, improvement of detection
speeds, and image segmentation (i.e., the process of partitioning the image into a set of pixels with
multiple segments). However, engineering diagrams have a characteristic difference from colored
images; they are an almost-binary component matrix with a specific size and shape for each symbol.
This makes it difficult for a model to classify symbols using only limited information.

As an advanced application of object detection in EDs, we propose an R-CNN architecture
containing clustering. For the RPN, we implement a sequential image-processing method that is
modified for two types of target symbols: valves and instruments. By modifying the image-processing
method for region detection, we propose candidate symbol regions using size-based detection. After the
RPN, we get the symbols, but we also get the meaningless regions inevitably, such as truncated line,
curve, noise, and so on, we call these ‘dummy’. The detected dummy images are decomposed by
unsupervised learning methods, and negative classes are assigned to them for image classification.
For images containing positive classes, which are our target symbols, the dataset is augmented with
padding-block. Through a simple convolutional network, the multi-class classification model is trained
and applied to new diagrams for the model test.

In this research, we propose a model based on an R-CNN architecture that features dummy image
clustering. A sequential image-processing method is used for the RPN, instead of a selective search
algorithm. After the RPN, the dataset is constructed by positive classes, and dummy clustering is
applied to treat the unwelcomed detections as negative classes; thereby improving the classification
performance of the convolutional network. The remainder of this paper is organized as follows.
Section 2 provides the methodology for the extraction of target symbols from P&IDs. Based on our
proposed method, the region proposal and symbol-recognition results are discussed in Section 3.
Finally, we conclude the paper in Section 4.
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2. Materials and Methods

Here, we propose our R-CNN framework for recognizing graphical symbols in P&IDs, as shown in
Figure 1. There are two main types of graphical symbols targeted in this study: valves and instruments.
These symbols have characteristics such as size and shape, as shown in Figure 2. Using these
characteristics, we construct an RPN by modifying several image-processing techniques. There are
two types of proposed regions: symbol and dummy. For data annotation of the symbols representing
positive samples, a P&ID symbol and legend sheet are referred to, which provide the standard set of
shapes and symbols for documenting the diagram.
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Figure 1. A framework summary for symbol recognition of the piping and instrument diagram (P&ID).
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Figure 2. Graphical characteristics of the target symbols.

For the dummy images representing negative samples, two unsupervised learning algorithms:
k-means clustering and deep adaptive clustering (DAC), are used to analyze their hidden patterns and
assign classes. After the annotation is completed, data augmentation is applied to generate additional
information about the symbols. A convolutional neural network (CNN) is used to classify the symbols
in this research owing to its superiority in local feature extraction [30]. After training the network,
we apply it to another diagram in the same project and verify the results.

2.1. Data Sets

To implement the proposed framework and validate its performance, we use 10 pages of P&IDs
from a real project. The resolution of the diagrams is 300 dpi in A3 size; thus, they contain approximately
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4000 x 3000 cubic pixels. Of the 10 pages, we take seven and apply the region proposal method to
construct our dataset of the proposed regions, which contains both positive and negative samples.
After augmentation by padding (100 x 100 pixels), this is fed into a simple CNN.

We construct and compare three models based on the type of data that they use—positive samples
only (P), positive with negative samples through k-means clustering (PN_Kmeans), and positive with
negative samples through deep adaptive clustering (PN_DAC). To investigate and test our models,
they are coded using Python with a Tensorflow backend. We also maintain the same computational
conditions using NVIDIA TITAN V with 8 GB GDDR5.

2.2. Region Proposal

Region proposal is the process to extract candidate regions of symbols. Instead of apply the
selective search algorithm, we build a customized process to extract the candidate regions in EDs as
given in Figure 3.

Region Proposal

" Image Binarization
(Adaptive Threshold)

Copy P&ID

Non-Target
Removal

Morphological
Transformation

Region Proposal
(Target : Valve)

Connected Component (CC)
Analysis

Region Proposal Region Proposal
(Total Bounding Boxes) (Target : Instrument)

Figure 3. Procedure followed by the proposed region proposal network (RPN).

There are several points of incongruence in the selective search algorithm. For the proposal of
candidate regions, the selective search algorithm uses the traits of an image, such as its color and
boundary. However, this is not appropriate for the detection of an object in a binary image, such as
an engineering diagram. To investigate the most-suitable algorithm for an engineering diagram,
we implement sequential image processing to create proposal regions; this detects the potential
target symbols by their characteristics. The sizes and shapes of plant symbols are specified in the
diagram; therefore, it is possible to modify the image processing technique for each type of target
symbol—valves or instruments—as they have a set size and aspect ratio in copies with identical
resolutions. Thus, using copies of the input image, the characteristics of each target symbol can
be reflected and sought for in each step. To modify the progress, we divide it into four parts: (1)
image binarization, (2) non-target removal, (3) morphological transformation, and (4) CC analysis,
as shown in Figure 3.

In image binarization, the adaptive threshold method [31] is used to reduce the noise present
in the input images and convert them into a binary representation. Comparing a pixel against the
average of those surrounding it preserves hard contrast lines and discards soft gradient changes.

In the non-target removal step, we remove the obstacles for the detection of each symbol. In the
case of valve detection, other symbols such as lines, instruments, and pipe fittings are considered
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obstacles to clear detection. This process is employed as an intermediate stage to remove the obstacles
and reduce the number of meaningless detections in the region-proposal step. For line removal,
dilation kernels are used in the horizontal and vertical directions, with the structures being (1 X p)
and (q x 1), respectively. The kernel parameters p and q are adjusted by considering the size of the
symbol. In this study, we use a length similar to the shortest side of the symbol. For non-target symbol
removal, a CC analysis algorithm [11] and Hough circle algorithm [32] are used to find the contours of
the non-targeted objects such as instruments and pipe fittings.

In the morphological transformation step, “Closing,” which is derived from the basic operations
of erosion and dilation, is commonly used to enhance object outlines and small cover-up holes
in the image [33]. Through this closing method, the floating objects retained from previous steps
protect those background regions that have a similar shape to their kernel, while deleting all other
background pixels [34].

Finally, to propose regions for the candidates of the target symbol, CC analysis is used with the
constraints of symbol size and aspect ratio. The algorithm analyzes the topological structure of binary
images. At the level of individual pixels, it considers 4-(8-) neighboring regions for the connected
cases. We assume each symbol size and aspect ratio as prior knowledge in the detection. Figure 2
presents the schematic procedure of our region-proposal method. The image processing for region
proposal plays a role in reducing the total number of proposed regions, and it adjusts the detection of
undesirable objects called dummies.

After the region proposal step, we construct a dataset for the classification network as given in
Figure 4. There are two types of proposed regions: symbol and dummy. Symbols are our positive
samples; they are the gate valves, check valves, sensors, etc. Dummy entities have unpredictable
shapes and sizes, are not within our interest, and make it difficult to classify symbols through the
machine learning algorithm. Therefore, they are considered to be negative samples. For the positive
dataset, we use the P&ID symbol and legend sheets, which provide a standard set of symbol shapes
and legends for documenting diagrams and assign the symbol images for each class, such as gates,
balls, globes, checks, etc. From the proposed regions, the positive samples are manually classified into
10 classes according to their shape and function.

Dummy
> /. 4
Symbol | | & 2 ‘\\ _______ Clustering | . 13 Negative
Extraction Algorithm Classes
; I T g
10 Positive ?
Region Proposal Classes

(Total Bounding Boxes)
Figure 4. Data annotation: positive/negative samples.
2.3. Dummy Clustering

Aside from the positive samples, numerous images remain from the proposed regions, which are
called dummies. They consist of curved lines, arrow shapes, revision clouds, or cut entities, as shown
in Figure 3. It is difficult for the region proposal method to control the detection of dummy entities
because the diagrams are quasi-binary representations and consist of many entangled lines and entities.
In this research, we assign the negative classes of the detected dummies to improve the classification
performance and consider the applicability of the procedure to real projects.

Dummies are obstacles for the classification model seeking to identify target symbols from a
pool of proposed regions. P&ID is a type of grayscale image that is composed of only one channel,
therefore, there is an arbitrary limitation to classifying the proposed regions when only using the
positive samples from the target data. Furthermore, in the region-proposal network, the patterns of
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the detected dummies are unpredictable because it is difficult to erase all non-target entities during
image processing. These patterns, such as shape, size, and detection frequency, are uncertain in every
diagram, and this makes it difficult for the model to identify the target from the pool of detection
images. Therefore, we assign negative samples to the classification models with unsupervised learning
algorithms. To decompose the pool of dummy images and assign the class as a negative sample,
we apply two unsupervised learning algorithms—k-means clustering and deep adaptive clustering
(DAC). K-means clustering is a basic unsupervised learning algorithm. It is an iterative method to
locating k-centroids in the dataset [35]; it locates them by optimizing the position of each centroid,
based on the L2 norm in the feature space, as shown in Equation (1):

K
argminc Y )" Ilxj il (1)

i=1 x,eC;
X=C1UC2"'UC[(,C,'0C]'=¢) 2)

The quantity x represents a pool of unlabeled data, and ¢; is a centroid of the i-th cluster, C;.

DAC is also applied to decompose the hidden patterns of the dummies with an advanced
method [36]. It is one of the state-of-the-art algorithms for the image-clustering problem that uses
a convolutional architecture and cosine distance to measure the similarity of pairwise images with
adaptive parameters. It delivers superior performance in image clustering owing toits adaptive-learning
algorithm. The network solves the image-clustering problem as a binary pairwise-classification problem.
The flowchart is presented in Figure 5.

( W cast the image clustering problem into a binary pairwise-classification framework, )

Unlsbeled fmages e o g o "

1: Similar
0: Dissimilar

| |

ConvNel

=K |

Clusters
Figure 5. Flowchart of the deep adaptive clustering (DAC) algorithm [36].

Initially, unlabeled images are input to the convolutional network to generate a provisional latent
vector for the image. Using the latent features, cosine similarities between pairwise images x; and x;
are calculated; then, a confusion matrix is constructed for every batch. The network objective function
is defined by:

MingE(0) = Z L(rijr li'lj), ©)
ij
st Vi, 2 =1, and 1, >0, h=1,--- k 4)

where 7;; is the unknown binary variable; if the pair of input images are in the same cluster, then 7;; = 1,
otherwise, r;j = 0. 11 represents the L2 norm of a vector, and J;; represents the h-th element of the
label feature of the k-dimensional latent vector /;. As the cosine similarity of the input image pair
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can be formulated by /;-I;, the objective function of DAC is expressed by the loss between r;; and I;-1;.

The expression for L(r,-j, I+ j) is formulated as follows:

L(ri]', li‘lj) = —tij log(li~lj) — (1 — 1’,']‘) 10g(1 - ll"l]‘) (5)

However, the unknown variable 7;; is prior information. Thus, an adaptive parameter A is applied
for the stepwise threshold value; we use p(A) and /() as the values for selecting similar (or dissimilar)
image pairs.

1if Il = p(A)
Tij = 0, ifli'ljsl(/\), i,jIl,"',H (6)
None, otherwise,
In the clustering process, the value of A starts at a specific value and gradually increases.

Besides this, the relationships (A)ecA, I(A)ecA, and [(A) < p(A) are set in the algorithm. After finishing a
batch process, the parameter A is also updated by the gradient descent algorithm.

MinyE(A) = u(A) = 1(A) @)
d
. A—q~—§(/\/\) ®

Here, 1 represents the learning rate of A. Using this adaptive modification of the parameter A,
the algorithm performs a stepwise selection between the pair images with increasing A. The performance
of the DAC is detailed for various datasets in [36]; it delivers the best performance in a binary image
clustering problem, such as MNIST when compared against other clustering methods. Therefore, as an
advanced method to decompose dummy images, DAC is applied in this research, and the results are
compared with those of the k-means clustering.

The detailed architecture of DAC is summarized as follows. After the input images are padded by
100 x 100, we use six convolutional layers with a (3 x 3) kernel size, (1 x 1) stride, ReLU (Rectified
Linear Unit) activation, and padding of the same structure in this network. The number of filters in
each layer are 64, 64, 64, 128, 128, and 128, respectively. A max-pooling operation is applied with a
(2 x 2) kernel and (2 x 2) stride. In fully connected layers, hidden units contain 128 and 64 nodes with
ReLU activation. In all the layers, batch normalization is used to prevent the outputs of the hidden
nodes from fluctuating. For adaptive learning, we set the selection-control equations according to
Equations (9) and (10):

u(d) =095-47 )

I(A) = 0.455 +0.1-A 10)

There are 451 instances of dummy images from the seven pages of P&IDs. Using these two
algorithms, the hidden patterns of the dummy pool are identified; then, we automatically assign them
into k classes as negative samples. In this research, the value of k is fixed at 13. The optimum value of
k is also an issue in clustering problems; however, we only focus on the effects of assigning a negative
class for classification networks.

Table 1 presents the results of the data structure with positive and negative classes. Based on the
clustering results, 13 negative classes are constructed, along with 10 positive classes. After annotating
the data, which contains a total of 23 classes for the proposed regions, data augmentation [37] is applied
to enhance the information in each class. To augment data, we apply two methods, central movement,
and rotation. Central movement means that the extracted images from the RPN are padded by
100 x 100, before entering the network. We implement it moves 1 X 1.3 x 3 pixels around the center of
the image to catch a located symbol a little sideways for the same class. The rotation is also applied
because some valves exist in a rotated form in the diagrams, so, in this study, only 45, 90, 135, 180, 225,
270, and 315 rotation angles were implemented to catch the rotated symbol.
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Table 1. Data annotation and augmentation.

. Instances
Annotation Type Classes Instances (after Augmentation)
Positive 10 1213 29,620
Negative 13 451 4610
Total 23 1664 34,230

2.4. Convolutional Network

Several machine-learning methods can be applied to the image-classification problem, including the
support vector machine, random forest, and neural network-based models; however, we implement a
simple convolutional neural network as our classification model to extract local information of the
image data by convolutional and max-pooling filters [37].

The detailed model structure is presented in Figure 6. We construct three convolution layers and
two fully connected layers in the network. The number of convolution filters in each layer is 64, 128,
and 256, respectively. A kernel size of (3 X 3), a stride of (1 x 1), and a max-pooling layer with (2 x 2)
filters are used for local feature extraction. Fully connected layers consist of 256 and 23 units, and the
ReLUactivation function is used throughout our model, except for the end unit, wherein a softmax
function is used. For generalization of the model, the dropout method [38] is applied, which is set at
0.7. The purpose of the dropout is to prevent overfitting problems in the neural network-based model
by applying a zero forward-direction propagation value stochastically to every layer.
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* 100x100 size « 32 filters * 64 filters « 128 filters * 256 units * 23 units * One-hot
* 3x3 size « 3x3 size « 3x3 size * ReLu « Sofl-max encoding
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Figure 6. R-CNN scheme for symbol recognition of P&ID.
2.5. Evaluation Metric

Considering the target symbols in the diagrams and the requirements of practical applications,
we suggest two metrics for validating the proposed framework-symbol recognition rate (SR) and
dummy detection rate (DR), using a constant confidence threshold of 0.7.

SR (%) = The Number of Correct Recognitions 100 11
)™ The Number of Symbols in the diagram (1)

The Number of Dummies Con fused with Symbols y

DR (%) =
(%) The Number of Model Predictions

100 12)
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SR is the number of correctly recognized symbols divided by the number of symbols in the
diagrams. It describes to what extent the model correctly detects the target symbols in the diagrams.
DR is calculated by dividing the number of dummy images confused with symbols by the number of
model predictions. It also describes the capacity of our model to distinguish dummies from symbols.
If the model is well-trained in object detection for P&IDs, the value of SR will be large, whereas the
value of DR will be small. In this study, the models are validated and compared with each other using
these two metrics.

3. Results

3.1. Region Proposal Results

Figure 7 summarizes the region proposal results. The target symbols-valves and instruments were
well-detected in these results. We implemented a customized procedure for each target symbol and
integrated the proposed regions into one diagram. All the targets in the diagram were detected using
image processing. For each target, the image processing was set to modify the overlapping contours in
the detected regions.

Sine the proposed regions were detected by size constraints in the contour method—that is the
CC analysis—there were unwelcomed images in the resulting diagram. These had a similar size to
the target and represented sliced lines, the edges of instruments, entangled lines, etc. To reduce the
number of dummy detections, the size constraints were used to customize the image processing for
each target by adopting the target size as prior knowledge. The main purpose of the region proposal
was to identify the candidate regions where the target symbol might exist; therefore, a noteworthy
advantage of the process is that we are not required to focus on making the number of candidate
symbols as small as possible; they must be detected conservatively and passed into the convolutional

network for target identification.
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Figure 7. Sample results of the region proposal network (RPN).

From these proposed regions, we obtained a pool of images containing symbols and dummies.
In the P model, only the symbol data are constructed as the dataset for the classification model.
On the other hand, in the PN models, both symbols and dummies are incorporated into the model.
To assign classes to the dummies, a series of detected dummies was decomposed through the clustering
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algorithms. Consequently, the effects of negative classes on symbol recognition in engineering diagrams
were analyzed; these are described in the following section.

3.2. Effects of Negative Classes

First, we only investigated the positive samples to test the performance of the model. The model
recognized symbols in the test diagrams but could not distinguish dummy images from the proposed
region. This demonstrates that the model, which is only trained with positive samples, can distinguish
only symbols. We could observe that both PN models-k-means and DAC were superior to the P model
in terms of target-symbol classification from the proposed regions. In Figure 8a, the symbols were
well recognized by the P model, but dummies were also detected in the results. This means that the
model, which was trained only on positive data, had a weakness in identifying negative samples as
false. In contrast, PN models such as Figure 8b exhibited strong discriminative performance between
symbols and dummies. The dummies confused with the check valves and gate valves were filtered out
by the PN models. These results indicated that the assignment of a negative class for classification
gives the model the ability to effectively identify symbols from the pool of binary component images.
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Figure 8. Sample results from the (a) P_model, (b) PN_Kmeans model.

We verified this statement in Table 2. In terms of SR—the extent to which the model could
recognize the symbols in the diagram—all the models delivered good performance of over 96%.
The PN_DAC model outperformed the other two, with 98.08%. This suggests that in the PN models,
there was enhanced ability to classify targets through the assignment of a negative class.

Table 2. Results of the models.

Model Type SR (%) DR (%)
P Model 96.97 42.31
PN_Kmeans Model 97.88 1.35
PN_DAC Model 98.08 0.39
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DR demonstrated the remarkable ability of both PN models. In the P model, 42.3% of the dummy
images from the test diagrams were confused with our target symbols. This meant that the P model
was incapable of identifying what images represented a genuine symbol. Due to the characteristics of
EDs, i.e., their binary representation, it was difficult for the model to recognize them. In the latent space
of the convolutional network, the latent features of both the dummies and the symbols were confused
with each other under the P model because it does not possess any information concerning negative
images. Hence, we conclude that negative classes are required for object-detection algorithms in EDs.

Compared to the P model, the models that consider negative samples achieve a significant reduction
in the dummy detection rate. Binary images contain only a limited amount of information. Althoughmost
images in real-world applications consist of three channels-red, green, and blue-engineering diagrams
consist of one channel-grayscale. They feature only one channel, which consists of quasi-binary
components; hence, there is limited information available in the image, such as local features or pixel
intensity. In this respect, we can say that for engineering diagrams to effectively recognize plant
symbols and discard the detected dummies from the proposed regions, a dataset containing positive
and negative classes is required. Consideration of the negative results yields the additional model
information through which candidates can be assessed effectively.

3.3. Effect of Clustering Methods

In Table 3, it is shown in a confusion matrix to depict the performance of PN_DAC model.

The PN_DAC model exhibits the optimum performance in SR and DR, with 98.08% and
0.39%, respectively. Though both PN models-k-means and DAC-had a low dummy detection
rate, the PN_DAC model recorded a lower score in dummy detection than the PN_Kmeans model
by approximately 1%. This resulted from the differences between the image clustering methods.
The k-means clustering is an iterative algorithm based upon Euclidian distance, which represents a
simple quantitative distance between entities in feature space. It does not consider the direction of the
feature. Consequently, the algorithm is too weak to construct with high-dimensional data such as that
contained within image representations. In contrast, the PN_DAC model obtains the latent features
of the data by performing efficient feature extraction using a convolutional network. As shown in
Table 3, most of the confusion is created among these symbol classes, except for the three-way valves,
ball valves, and sensor symbols. We also calculate F1 scores for each symbol in PN_DAC model,
as given in Table 4. By solving the pairwise binary classification problem with adaptive parameters,
the model delivered good performance that could be interpreted as a good analysis of the hidden
patterns in the regions. DAC has configured the negative class to make it easier to distinguish between
the classes, thereby increasing its performance by entering well-defined data into the model.
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Table 4. F1 score for each class (PN_DAC).

Class F1 Score
3way_Vlv 0.89
Ball_Vlv 1.00
Gate_Vlv 0.97
Butterfly_Vlv 0.95
Check_Vlv 0.85
Relief_Vlv 0.75
Globe_Vlv 0.93
Utility 0.90
Sensor 1.00
PLC 0.91

4. Conclusions

In this study, an R-CNN for engineering diagrams was proposed, taking negative classes into
account. For an RPN, sequential image processing was modified for each target—valve and instruments.
To annotate the negative class for the dummy images, two unsupervised learning algorithms-k-means
and DAC-were applied to decompose the hidden patterns of the dummies, and assign negative
classes. A simple convolutional network was used as the classification model because of its superior
characteristics in terms of local information extraction from the images.

There were three types of datasets used for the classification problem—positive (P model),
positive with negative through k-means (PN-Kmeans model), and positive with negative through
DAC (PN-DAC model). Compared to the P model, both k-means and DAC had relatively low dummy
detection rates of 1.35% and 0.39%, respectively, because the negative class from the unsupervised
algorithm improved the model’s ability to distinguish dummies from the symbols in the diagrams.
Moreover, DAC was a superior algorithm for decomposing binary representations, as the PN-DAC
model had superior performance, in which the symbol recognition rate (SR) and the dummy detection
rate (DR) were 98.08% and 0.39 %, respectively.

From these results, we can verify that the proposed model meets the applicability and practicality
criteria for P&ID object detection algorithms. The algorithm’s negative sample detection reduces due
to dummies, which makes its application to real projects difficult. This object detection algorithm is
expected to contribute to the automatic digitalization of engineering diagrams. Regarding further
work, state-of-the-art algorithms for object detection, such as Faster R-CNN, You Only Look
Once(YOLO)_v3, and Single Shot Multi-Box Detector (SSD), could be modified to suit engineering
diagrams. For real-world applications, a tiny-object detector also would be useful as a plant symbol
recognition model.
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Abstract: The naval multi-function console provides various types of information to the operator.
It is equipment that is key for submarine navigation, and fatal human errors can occur due to the
mismatch between the console specifications and the operator’s body size. This study proposes a
method for deriving console specifications suitable for the body size of Korean users. The seat height,
seat width, seat depth, upper edge of backrest, and worktable height were selected as the target design
variables. Using six anthropometric dimensions, a mismatch equation for each target design variable
was developed. Anthropometric measures of 2027 Korean males were obtained, and the optimal
specifications of the console were derived via an algorithmic approach. As a result, the match rate,
considering all the target design variables, was improved from 2.57% to 76.96%. In previous studies
and standards, the optimal console specifications were suggested based on the anthropometric data
of a specific percentile of users, and it was impossible to quantitatively confirm the suitability of the
console design for the target users. However, the method used in this study calculated the match
rate using the mismatch equation devised for comfortable use of the console and a large amount of
anthropometric data that represented the user population, and therefore the improvement effect of
the recommended specification can be directly identified when compared to the current specifications.
Moreover, the methodology and results of this study could be used for deciding the specifications of
multi-function consoles in several fields, including nuclear power plants or disaster situation rooms.

Keywords: multi-function console; data-driven design; mismatch equation; anthropometric measures;
algorithmic approach; optimal design

1. Introduction

The naval multi-function console is part of the computer system of a battleship and it is designed
for communication between the user and the computer. The console is connected to various sensors
in the ship, it displays a variety of information, and the user is able to control the different types
of information.

Although the crew members of South Korean Navy ships perform a variety of tasks depending
on their position, most of the crew who are in the combat information and engine control rooms work
in front of the console for more than 8 h on a daily basis. Console operators handle various types of
information displayed on the console in a very concentrated state for a long period of time. Considering
the working characteristics of the console operators, they could be affected by various musculoskeletal
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disorders such as turtle neck syndrome and carpal tunnel syndrome, as well as chronic diseases such
as low back pain and neck pain, if the height of the worktable or seat is inappropriate for the user’s
body size [1]. In addition, the ongoing physical burden on the console operators could probably lead
to unintended operational errors, thus, reducing the mission efficiency and dispersing the focus on
console operations [2].

Anthropometry means measurements of the human body. It is derived from the Greek words
anthropos (man) and metros (measure) [3], and is needed in the design of machines, tools, and work
environments in order to improve well-being, health, comfort, and safety [4]. The anthropometric data
widely influence furniture design, and thus workplace design since the matching of body dimensions
and furniture dimensions is vital to promote proper body posture for the user. An absence of
anthropometry consideration would, in most cases, result in uncomfortable design for the targeted
users and worse, unsafe, and unhealthy conditions. Therefore, to make the workplace comfortable
for a person it should be designed based on an individual user’s anthropometric dimensions [5,6].
Because of the importance of anthropometry, many previous studies have applied anthropometric
methodologies to the design of the workplace [7-11].

Considering the improper posture of the console operator and the resulting decrease in
concentration, which may significantly impact the ability to conduct military operations, continuous
efforts to find the right specifications for the console operator’s body size are necessary. If human
factors and ergonomics (HF&E) approaches are not considered in the multi-function console design,
musculoskeletal disease and human errors are more likely to occur [12], and thus several studies have
emphasized HF&E’s importance in suggesting design guidelines for consoles [13-15]. ABS (2013),
MIL-STD-1472G (2013), and NUREG-0700 (2003) issued in the United States, are widely used as
standards to provide guidelines for maritime system design, military equipment design, and nuclear
power plant facility design, respectively. However, these standards mainly focus on providing minimum
requirements rather than optimal design parameters when HF&E departments have associated with
designers and engineers. In addition, the suggested criteria have been set based on the anthropometric
data of only U.S. citizens [12]. Moreover, the basis and procedure for the optimal specifications
recommended by these standards are unclear, and it is difficult to clearly confirm the improvement
effect of the proposed optimal specifications as compared with the existing specifications.

The Korean Navy has solely focused on software improvements for operational performance of
the console, and little attention has been given to hardware improvements to create a comfortable
and secure console operating environment for users. Additionally, in Korea, the research on the
development of military products that reflect the characteristics of the user’s body has been focused
on combat support systems such as military winter clothes, combat suits, and boots, and there is
a relative lack of research on the ergonomic design of weapon systems such as the multi-function
console. In the case of a combat support system, it is possible to improve a part of the product or
to change the product within a short period of time when it is introduced and used in the military.
However, the application of new design methods in a weapon system requires a longer period of time
for development, and much more attention should be paid to a user-centered environment than that of
a combat support system, because such design should be used for more than 20 years.

In this study, the console operating environment of the Jangbogo class submarine is presented
as an example of the problems that may occur in terms of ergonomics when the specifications of the
console are inappropriate for the user’s body size. The seat height of the Jangbogo class submarine can
be adjusted vertically, but the lowest height is measured to be 475 mm; seat width, seat depth, upper
edge of backrest, and worktable height of the Jangbogo class submarine are measured to be 490, 482,
510, 817 mm, respectively.

2. Methods

Figure 1 shows the procedure for evaluating and improving the specifications of the submarine’s
multi-function console.
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Extracting key design variables relating to
multi-function console use

l

Identification of the anthropometric
measures related to key design variables

I

Defining match conditions for normal usage
of the multi-function console

I

Judgement based on
an anthropometric analysis

Meet goal criteria I Failure to meet goal criteria

Use the current console specification Deriving a new console specification

Figure 1. Procedure for design of submarine multi-function console using the anthropometric
methodology.

First, the key design variables for multi-function console were extracted, and the detailed
specifications of the current multi-function console were measured. Secondly, considering the context
of the use of the console, anthropometric measurements related to the key design variables were
identified. Third, the match conditions that guarantee a normal operation were also reviewed. Fourth,
to judge the appropriateness of the current multi-function console specifications, the anthropometric
dimensions were collected in consideration of the target population. Finally, after setting 70% of the
match rate as the goal criteria, the suitability of the current multi-function console specifications was
evaluated using a mismatch equation. In this study, an algorithmic approach was used to derive
the optimal console specification, given that the match rate of the current multi-function console
specifications did not reach the goal criterion.

2.1. Key Design Parameters for Naval Multi-Function Consoles

The multi-function consoles of Jangbogo class submarines have four consoles placed side-by-side,
as shown in the first diagram in Figure 2. The four consoles are 2740 mm wide and 1300 mm high.
The second diagram in Figure 2 is presented without the backrest to facilitate comprehension of the
various design variables related to the seat. The third diagram in Figure 2 shows a lateral view of the
console operator, also illustrating the specifications for different design variables.

First, the seat height (SH) of the seat refers to the vertical length from the floor to the highest
portion of the seat pan. Previous studies related to the sitting posture at the work environment or to
ergonomic design of student furniture have shown that the design of the SH is the utmost important
factor. This means that determining the SH is the most important measure for solving a mismatch
problem [16,17]. If the seat is too high, both feet are off the ground and high pressure is applied to
the skin tissue behind the knee [18-20]. If the SH is too low, the seat pan does not support the thighs,
and this can result in a large burden on the hips and an abnormally bent waist when sitting [21,22].
The current seat of the Jangbogo class submarine is designed to be adjustable for height. However,
considering the fact that three or more console operators operate the console alternately in one day and
a situation where the military is running an emergency training, there are instances when the operator
has to switch quickly with the main console operator. Therefore, calculating the optimum height of the
seat to return to the basic height would be very beneficial and effective in operating the console in
terms of context of use.
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Figure 2. Submarine naval multi-function console design dimensions. Seat height (SH), vertical
distance from the floor to the highest area of the seat pan; seat width (SW), horizontal distance from
the left to the right side of the widest part of the seat pan; seat depth (SD), horizontal distance from
the front to the rear of the longest part of the seat pan; upper edge height of backrest (UEB), vertical
distance from the seat pan surface to the upper edge of the backrest (UEB); worktable height (TH),
vertical distance from the floor to the worktable surface; underneath worktable height (UTH), vertical
distance from the floor to the lowest point below the worktable; worktable thickness (TT), thickness of
the worktable hardboard; and seat to table clearance (STC), vertical distance from the seat pan surface
to underneath the worktable.

The seat width (SW) of the seat is the width from the left to the right side of the widest part of the
seat pan. If the SW is too narrow, the sitting position may deviate from either side of the seat, and thus
the width of the seat should be designed to be wider than the width of the user’s hip [23-27]. Moreover,
the upper limit of the SW needs to be considered, given that the seats are designed in a confined space
and four console operators must sit side-by-side. In such context, Gouvali and Boudolos [28] argued
that it is necessary to take into account an efficient utilization of the interior space in the submarine
and to carefully derive the SW.

The seat depth (SD) is the length from the front to the back of the longest part of the seat pan. If the
SD is too long, the backrest cannot support the back and waist properly, and the pressure between the
front of the seat and the popliteal can increase, causing severe pain [20]. On the contrary, if the SD is
too short, the pressure caused by the user’s weight may not be evenly distributed through the user’s
hip and thigh, and the pressure may concentrate on a specific part of the body.

The upper edge height of backrest (UEB) means the vertical distance from the seat pan to the upper
edge of the backrest. If the UEB is higher than the scapula, it may interfere with the free movement
of the arms and torso [27,29]. Especially for console operators who work for more than 8 h per day,
the above-mentioned situation can disable very basic activities such as stretching. However, if the UEB
is too low, the back is not supported properly and this can induce excessive extension on the upper
part of the back, which can lead to serious back injury.

The worktable height (TH) refers to vertical distance from the floor surface to the console platform
surface. If the TH is too high, a console operator who frequently manipulates the keyboard and track
ball installed on the worktable can suffer from excessive flexion and abduction of the shoulder and
upper arm. In severe cases, this can lead to asymmetric spinal disorders. If the console TH is too low,
the upper body is constantly bent forward and this can lead to kyphotic spinal posture [30].

The underneath worktable height (UTH) represents the vertical height from the floor to the lowest
point of the worktable and the worktable thickness (TT) refers to the vertical distance from top to the
bottom of the worktable.

The seat to worktable clearance (STC) represents the space between the seat and the worktable
as the vertical distance from the extension of the seat pan surface to the bottom of the worktable.
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This design variable is determined by the interrelationship between the seat and the worktable height.
A too large STC implies that the seat is too low, or the worktable is too high. In such a case, discomfort
can be induced in the shoulder and upper arm of the console operator, hindering normal shoulder
movement. In contrast, if the STC is too narrow, sitting on the seat is not possible as the thigh can not
enter between the seat and the worktable.

As the thickness of the worktable is fixed at 100 mm, there was no need for calculating the console
UTH separately from the console TH. The STC between the seat and the worktable is also determined
naturally when the SH and the TH are derived. The UTH, TT, and STC were measured to be 717, 100,
and 142 mm, respectively.

Therefore, the SH, SW, SD, UEB, and TH were selected to be the final key design variables.

2.2. Anthropometric Criteria for Designing Naval Multi-Function Console in a Submarine

The age of the South Korean submarine crew ranges from 20 to 50 years, and they are only men.
To consider the age of submariners, the seventh Korean anthropometric dataset for the age groups
of 20-29, 30-39, 4049, and 50-59 years were extracted from the survey made by SizeKorea in 2015.
Six anthropometric measurements related to the target design variables of console operations were
selected out of 133 anthropometric dimensions, as shown in Figure 3, which included: sitting thigh
thickness (STT), popliteal height (PH), hip height (PH), hip width (HW), horizontal length between
hips and ham (BPL), sitting shoulder height (SSH), and sitting elbow height (SEH).

—

— - = SSH
SEH o FSTT /
v N

HW

D€
-
L]

PH

Figure 3. Anthropometric measures used in this study. Popliteal height (PH), vertical distance from
the floor to the popliteal; hip width (HW), horizontal distance between the upper outer edges of the
iliac crest bones of the pelvis; buttock to popliteal length (BPL), horizontal distance from the back of the
buttocks to the popliteal; sitting thigh thickness (STT), vertical distance from the sitting surface to the
superior thigh; sitting shoulder height (SSH), vertical distance from the sitting surface to the acromion;
and sitting elbow height (SEH), vertical distance from the sitting surface to the underside of the elbow.

Descriptive statistical data of these six anthropometric measures for 2027 Korean males are
presented in Table 1. They were used as the variables in the mismatch equation of this study.
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Table 1. Anthropometric measures of Korean males between ages 20 and 50.

Anth tric M Mean Percentiles
nthropometric Measures i

P (1 = 2027) SD Min Max 5 = P
Popliteal height (mm) 428.01 20.5 353 523 395 428 463
Hip width (mm) 355.26 23.5 287 475 320 354 394
Buttock to popliteal length (mm) 490.46 22.9 420 592 454 490 530
Sitting thigh thickness (mm) 151.20 14.3 108 280 130 151 175
Sitting shoulder height (mm) 607.39 25.9 522 702 565 607 650
Sitting elbow height (mm) 268.79 25.1 195 364 227 270 309

2.3. Mismatch Equation for Naval Multi-Function Console in a Submarine

On the basis of the anthropometric measurements of the South Korean male, the mismatch
equations used for specification of the key design variables in the submarine multi-function console
define the maximum and minimum limits of those specifications.

All variables used in the mismatch equation were calculated in millimeter units.

First, the anthropometric dimensions for determining the SH was taken as the PH considering the
sitting posture of the console operator as expressed in Equation (1). The shoe sole thickness (ST) was
selected as the environmental variable.

(PH + ST) x Cos30” < SH < (PH + ST) x Cos5 (1)

Equation (1) is based on constraints presented in Afzan, Hadi [31] and others [2,16,28,31-33],
and this implies that the console operator should be able to extend at least 5° to 30° below their knees
to feel comfortable when sitting in the seat. If the console operator sits at a right angle or at a smaller
angle with the floor, fatigue can occur below the knee because of contraction of the tibial anterior
muscle, and the excessive pressure can cause pain underneath the thigh if the knee is extended beyond
30°. The soles of submariners’ shoes are designed to prevent onboard noise and shock and they are
measured to be 40 mm thick. Equation (1) used this measure for the calculation.

The anthropometric variable used to determine SW was selected based on the body part in contact
with the seat and the environment inside the submarine. As four consoles are arranged side-by-side,
as indicated in Equation (2), HW and STT are adopted. The thickness of various control devices that
are attached to the side of the seat pan, called manipulator thickness (MT), and the winter clothes
thickness (WT) of console operators are used as environment variables.

HW < SW < 685 — [STT + MT + (WT X 2)] )

Equation (2) is based on the equations discussed by Castellucci and Arezes [16] and other research
works [16,31,33], but these studies did not suggest an upper limit for the SW. In previous studies that
observed settings in offices and schools, there usually was a huge clearance between seats, and the
clearances did not cause excessive inconveniences or problems. A study by van Niekerk and Louw [34]
and others even suggests that the SW should be designed from 1.1 times to 1.3 times the HW for the
user’s comfort and effective internal space utilization [28,32,34]. This study proposes an upper limit
for SW considering the limited amount of space in a submarine setting, which requires it to be utilized
in a very efficient manner. Figure 4 illustrates the deployment of four multi-functional consoles in
Jangbogo class submarines.
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Figure 4. Deployment status of four submarine naval multi-function consoles.

In submarines, the consoles are arranged side-by-side to facilitate sharing of information among
the four console operators. In the case of Jangbogo class submarines, only 2740 mm of horizontal space
can be designed for all the consoles. If the seats are placed in the center of each console and if the
distance between seats is represented by the character “a”, the width of “a” should be at least wider
than the thickness of the user’s thigh considering the height of the seat because “a” should be designed
to at least allow the console operators to enter and exit at “a”. The fact that various control devices are
installed on the side of the seat pan and the instance where the submariners are required to quickly
return to the seat from working outside of the submarine to perform their tasks without taking off their
thick winter clothes must also be taken into consideration.

Therefore, in this study, the thickness of the control device was fixed to be 20 mm and WT was
fixed to be 10 mm resulting in a total thickness of 40 mm with the expression MT + (WT X 2).

Considering the sitting posture with user’s back fully in contact with the backrest, the SD is
determined using the BPL as shown in Equation (3) below.

0.80 x BPL < SD < 0.95 X BPL 3)

Equation (3) was determined referencing to the equations used by Cotton and O’Connell [35]
and others [2,16,31,33,35-43]. In particular, the coefficients presented in Equation (3) were calculated
through various clinical trials in previous studies, and they were derived considering appropriate levels
of comfortable knee extension and flexion when sitting with the hips and waist resting on the backrest.

As a parameter used for determining UEB, SSH was selected as shown in Equation (4) considering
that the human body is in direct contact with backrest.

0.60 x SSH < UEB < 0.80 x SSH @)

Equation (4) was derived based on the findings of Agha [2] and other similar studies [2,31,32].
Each one of the coefficients, as those in Equation (3), was determined through a number of clinical trials.
NUREG-0700 [15] recommends that the back of the seat should be able to support the lumbosacral
region, which is the back curvature of the seat. Bendak and Al-Saleh [33] and Castellucci and
Arezes [16] suggested only the upper limit of the UEB, stating that the UEB does not limit the basic
upper body movement as long as the UEB is lower than the height of the user’s subscapula. However,
as emphasized in NUREG-0700 [15], if the UEB is low enough to fail to support the lumbar regions,
it cannot properly support the back and waist, leading to their excessive extension. Therefore, the
lower limit of the UEB must be also considered.
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Equation (5) for the STC was devised based on the concept that the console operator’s thigh
should be able to fit under the worktable.

STT +20 + (2x WT) < STC ®)

The existing research recommended 20 mm for the sitting thigh thickness [28,29,36], but we added
10 mm considering the WT.
TH is determined by SH, thickness of the worktable, and STC. Therefore, this can be expressed in
Equation (6) as follows:
TH =SH + TT + STC (6)

Combining Equations (1), (5), and (6), the lower and upper limits of TH can be determined as
expressed in Equation (7). In Equation (7), STT, SEH, PH, and SSH were selected as the anthropometric
variables, whereas TT, WT, and ST were selected as environmental variables.

Max[STT +20 + (2 x WT) + TT, SEH] + [(PH + ST) x Cos30"| < TH

< (0.8517 x SEH) + (0.1483 x SSH) + [ (PH + ST) x Cos5 | @
In Equation (7), the lower limit of the TH was chosen to be the higher value in between STC and
SEH. This means that, in the sitting state, the height from the floor to the console operator’s thigh
should be lower than the UTH, and the elbow should be able to reach the worktable comfortably. If TH
is lower than SEH, it would be very difficult to rest the elbows on the worktable without bending
down, and manipulation of the keyboard and track ball would force the operator to bend forward.
Considering the context of a console operator who heavily uses keyboards and track balls, the tension
in the shoulder and back muscles can only increase if the elbows are not comfortably sitting on the
worktable. The upper limit of the TH was derived by multiplying SEH and SSH by specific coefficients
and then adding the calculated numbers to the upper limit of SH. The coefficients multiplied by SEH
and SSH are given by the research of Parcells and Stommel [36] and Chaffin [44], who mathematically
calculated the range of motion of the shoulder’s flexion and abduction when working on a worktable
and resting the arms on the worktable. If the height of the worktable is greater than the upper limit
suggested by Equation (7), the shoulders can be excessively elevated upwards, or the arms are opened
too widely to the sides when the elbows are raised on the worktable. This can cause increased fatigue
and lead to musculoskeletal disorders of the shoulder and arm after a period of repeated tasks with the
given environment.

2.4. Data Treatment

The minimum and maximum acceptable limits were calculated using the mismatch equation with
specifications of six anthropometric measures. The equation was substituted with the anthropometric
measurements of 2027 Korean males in the age groups of 20 to 29, 30 to 39, 40 to 49, and 50 to
59 years to verify whether the current multi-function console is suitable for the Korean body sizes.
Each design specification of the current console that mismatched the Korean anthropometric dimension
was determined, and the reasons behind the mismatch were analyzed. This study used Excel 2016 and
SPSS25.0 to analyze the data. In addition, the greedy algorithm approach, which was utilized by Lee
and Kim [45] to find the optimal height system for the chairs and desks of Korean students, was applied
to derive the optimal specifications for the target design variables, and R programming was used to
implement the greedy algorithm to calculate the optimal specifications of the console. The greedy
algorithm approach is simple and primitive as it finds the maximum match rate of a specification by
substituting the anthropometric dimension of each user in the mismatch equation and incrementing it
by 1 mm sequentially for all possible specifications. Despite the simplicity of this algorithm, so far, it is
essentially the best possible polynomial time approximation algorithm for the maximum coverage
problem [46].
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3. Results

Figure 5 shows the mismatch rates of the key design variables of the current multi-function console.

-l .

80%

60% T+

40% T

20% 1

0%

SH SW SD UEB TH
OToo short 0.10 0.00 0.00 0.00 0.05
BToo long 68.28 1475 78.49 37.84 8332
OMatch 31.62 85.25 2151 62.16 16.63

Figure 5. Mismatch rate of design specifications of the present submarine console.

First, the match rate of the current SH of Korean male body size was found to be 31.62%.
In particular, the current SH was found to be higher than the body size of most men (68.28% of total),
who were determined to be mismatched for the current size of SH. This means that the current SH is
excessively high considering the user’s PH. In this case, the majority of men were incapable of naturally
touching the floor with their feet while resting their back on the backrest.

Secondly, the match rate of the current SW to the Korean male body size was 85.25%, and SW was
considered wider than the HW of all men. It was found that 14.75% of men were mismatched for the
current SW, which is wider than their anthropometric dimensions. The upper limit of the SW proposed
in Equation (2) was defined only to set an effective utilization of the limited space in a submarine
and, given that 14.75% of the Korean anthropometric dimensions were determined to be mismatched,
the current SW do not present any problem for sitting purposes.

Third, the match rate of the current SD turned out to be 21.51%. In particular, the current SD was
identified as inadequate for 78.49% of men as it was too long for their anthropometric dimensions.
This indicated that the current SD is relatively longer than the BPL. Therefore, these men cannot sit
with their backs in contact with the backrest or cannot bend their knees while sitting down. They are
very likely to sit very unnaturally or uncomfortably, for instance sitting on the end of the seat while
operating the console.

Fourth, the match rate of the current UEB for the Korean male size was 62.16%, and it showed
the highest match rate of all the key design variables. However, 37.84% of men were identified to be
mismatched for the current backrest height, which is higher than their scapula height. By limiting
their upper body rotation and basic movements, the current backrest height can stiffen the user when
operating the console for a long time.

4. Discussion

4.1. Analysis of Mismatch Conditions

This section examines whether the specifications of the multi-function consoles currently installed
in Jangbogo class submarines meet the specifications recommended in previous studies or the
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standards. The result of the mismatch equation is also carefully analyzed and organized for each key
design variable.

First, the current SH was found to be too high for the body size of the majority of Korean males.
ABS [13] and MIL-STD-1472G [14] recommend that the SH is between 380 to 540 mm considering
the user’s PH. Although the current SH complies with the range suggested by the above-mentioned
standard, considering the ST (40 mm), the current SH should be lowered as the average PH of Korean
males is 428.01 mm, and sitting with 475 mm of SH can cause discomfort to the users as their feet do
not touch the floor.

Secondly, the match rate of the current SW was 85.25%, which was significantly higher than the
match rate of the other target design variables. MIL-STD-1472G [14] and 1SO9241-5 [47] recommended
that the seat should be at least 460 mm wide to fit the person with the widest hip. The current SW was
490 mm, and thus it was confirmed to meet the recommended specification. In addition, considering
the fact that the size of the widest HP of Korean male is 475 mm, the current SW is not expected to
cause any difficulty to the sitting task of console operators. However, the current seat is too wide
for 14.75% of men and the SW could be narrowed to more effectively utilize the limited space in the
submarine. It would not be a big problem to make the SW slightly narrower than it is now.

Third, the current SD has a match of only 21.51% for the Korean male body size and it turned out
to be the worst fit for most men. NUREG-0700 [15] and MIL-STD-1472G [14] recommended that the
depth of the seat should be from 381 to 431.8 mm considering the body size with the shortest BPL.
The current SD of the seats installed in Jangbogo class submarines is 482 mm, and thus it is much
longer than what is recommended. Among the Korean male anthropometric dimensions used in this
study, the dimension of the user with the shortest BPL is only 420 mm and the BPL of users in the
fifth percentile is only 454 mm. Therefore, it would be very difficult for them to bend their knees
comfortably while leaning back on their backrest and sitting with a correct posture on the seat. There
is a need to improve the SD by reducing the depth.

Fourth, the match rate of the current UEB was 62.16% and it is considered higher than the match
rate of other key design variables. MIL-STD-1472G [14] recommended that the UEB should be from
480 to 580 mm so that users can support their torso well while they are sitting. The current UEB of
the Jangbogo class submarine seat is 510 mm and it is considered to be in the recommended range.
However, 37.84% of users have a high UEB, and hence they are hindered from making basic upper
body movements. In addition, considering the unique usage context of the submarine console, where
there is an administrator who monitors the console information from behind the seat, it is necessary to
lower the UEB of the current seat.

Finally, the match rate of the current TH to the Korean male body size was only 16.63%. The TH is
closely related to the SH, STT, and PH [47]. MIL-STD-1472G [14] and ABS [13] recommended that the
TH should be in the range 740-790 mm and 650-810 mm, respectively. However, the current TH in the
Jangbogo class submarine is 817 mm, which is greater than the height recommended by the standard.
When the user works on a worktable that is higher than his or her body size, the manipulation of
the keyboard and track ball tasks for a long period of time can be restricted because the comfortable
operation of the shoulder joint and upper arm is not guaranteed.

Meanwhile, the STC is naturally determined by the SH and the TH. ISO9241-5 [47] suggested
that the STC should be designed in consideration of human body size with the thickest thigh, and
NUREG-0700 [15] recommended the STC to be at least 190.5 mm. The STC of the Jangbogo class
submarine is currently 242 mm, which satisfies the recommended specification of NUREG-0700 [15].
However, considering that the thickest STT measurement from SizeKorea is 280 mm, the vertical
adjustable range of the seat should be lowered further downwards.

The ISUS 83 combat command system and multi-function console of the Jangbogo class submarine
were acquired from Germany in 1992, and these were developed in the early 1980s to enhance the
performance of the German Navy’s 206 submarine. Therefore, it is very likely that these consoles were
built reflecting the dimensions of the German human body size measured in the 1980s. The German
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adult male had an average height of 180.5 cm in 1980 [48], whereas the Korean average height was
only 172.9 cm in 2015. Therefore, it is natural that the size of the console designed for the German
body size at the time mismatched the Korean male’s anthropometric dimensions. Therefore, to obtain
the optimal design specifications for the console matching the Korean anthropometric dimensions,
the specification for each key design variable is proposed in Section 4.2, based on the results of the
above analysis.

4.2. Recommendations for the Specifications of Submarine Naval Multi-Function Consoles Considering
South Korean Body Size

One of the most commonly used methods in the development of standard systems, which
was used in previous studies determining specifications of furniture for students, is the Ellipse
methodology [17,49,50]. This method recommends an appropriate design range based on the fifth to
95th percentile dimensions of the collected anthropometric dimensions. For example, this method
is implemented when determining the size of a hat; the head circumferences of the fifith and 95th
percentile hat users are measured, and then, the size of the hat is determined within the range of
the two.

In the case of the console, there are more anthropometric considerations to determine the
specifications of each key design variable. To produce a single specification that can accommodate as
many users as possible, it would be more appropriate to search for the optimal specification with the
maximum coverage problem rather than the elliptic methodology.

To maximize match rate between each specification of the key design variables and anthropometric
dimensions, the specifications listed in Table 2 were found to be the optimal.

Table 2. Recommended specifications for the South Korean submarine console.

Design Variable SH SW SD UEB TH

Recommended Specification 431mm  442mm  429mm 442mm 738 mm

Among the recommended specifications presented in Table 2, SH, SD, and TH were within the
recommend ranges in the previous standard, and UEB was approximately 38 mm lower than the
existing standard. However, considering that the previous standards are from measurements in the
United States and the fact that UEB is lower than the previous standard, while all the other design
variables meet the recommended specification at the lower limit, it is inferred that the recommended
specifications in Table 2 more practically reflect the Korean anthropometric dimensions for submarine
consoles than the previous standards.

The existing standard recommends the SW to be wider than 460 mm, while the derived specification
from the algorithmic approach was narrower by 18 mm. The widest hip width (475 mm) of Korean
male adults cannot sit in the recommended SW but it is enough to fit the 95th percentile (394 mm).
Considering the limited space inside the submarine, the seat specifications are considered to be
appropriate. In addition, according to the recommendation in Table 2, the STC is 207 mm, which meets
the minimum recommended standard proposed by NUREG-0700 [15]. Given that the seat can be
adjusted vertically, when the SH is adjusted at a lower level, the console operators with the thickest
thigh will be able to use the console.

Figure 6 shows a comparison between the match rate of the current console specification and that
of the recommended specification.
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Figure 6. Comparison of match rate between the present and recommended specifications of the
submarine console.

The match rates of the SH and TH are 81.15%, and it has been found that many more users can be
accommodated than before. The SW, SD, and UEB are expected to fit 99.70%, 92.95%, and 100% of the
Korean body sizes, respectively.

The rate of Korean males who have a suitable human body size for all five target design parameter
specifications in the current console specification is only 2.57%, thus, on the one hand, 97.43% of users
may have difficulties in using current console. On the other hand, it is expected that 76.96% of users
have a suitable human body size for recommended console specification, and therefore many more
users should be able to use the console comfortably as compared with the previous current console.
Furthermore, considering the SH is adjustable, the number of the users who can comfortably use the
console designed according to the recommended specifications is expected to be much higher.

In this study, human body size of only Korean males was used in calculating optimal design
specifications of submarine console used by Korean submariners. However, if the anthropometric data
for American or German users is applied with the methodology used in this study, it is expected that
the optimal console specifications suitable for Americans or Germans could also be easily derived.

5. Conclusions

In this study, we derived the optimal design specifications for a multi-function console of Jangbogo
class submarines that can accommodate, as much as possible, the anthropometric dimensions of
Korean males.

To calculate the appropriate ranges for the key design variables, the working posture, the
working environment, and the cooperation situation with other operational personnel were considered.
The anthropometric dimensions of 2027 Korean male adults were substituted in the mismatch equation
of each design variable to confirm the suitability of the Korean male body size for the current console.

All the key design variables, except the SW, were found to be inappropriate for the majority of
Korean male’s body sizes. To solve these problems of mismatch, we derived the optimal console
specification through an algorithmic approach. As a result of calculating the match rate, it was found
that the match rate can be improved up from 2.57% to 76.96% if the console is designed with the
specifications proposed in this study.
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The mismatch equation and algorithmic approach used in this study could further be used as a
guideline for the specification of various military consoles in Korea, and it could be used to design
work environments in various fields that operate multi-function consoles such as nuclear power plants
and disaster control centers.

However, the mismatch equation used in this study is based on the previous studies dealing with
the optimization of school furniture for the students or children. Therefore, it is necessary to verify
through further empirical experiments whether the proposed mismatch equation is also valid for the
working environment of the multi-function console and to continuously improve the equation if needed.
In addition, this study was limited to the search for the optimal specifications of design variables
related to the height of submarine consoles. Thus, in future research, the optimal specifications of
distance-related design variables, such as depth of worktable, horizontal distance between seats and
worktables, and placement radius of the various control buttons on the console, should be explored
based on the reach envelope of Korean users.
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Abstract: Parts with complex geometry have been divided into multiple parts due to manufacturing
constraints of conventional manufacturing. However, since additive manufacturing (AM) is able to
fabricate 3D objects in a layer-by-layer manner, design for AM has been researched to explore AM
design benefits and alleviate manufacturing constraints of AM. To explore more AM design benefits,
part consolidation has been researched for consolidating multiple parts into fewer number of parts
at the manufacturing stage of product lifecycle. However, these studies have been less considered
product recovery and maintenance at end-of-life stage. Consolidated parts for the manufacturing
stage would not be beneficial at end-of-life stage and lead to unnecessary waste of materials during
maintenance. Therefore, in this research, a design method is proposed to consolidate parts for
considering maintenance and product recovery at the end-of-life stage by extending a modular
identification method. Single part complexity index (SCCI) is introduced to measure part and
interface complexities simultaneously. Parts with high SCCI values are grouped into modules that
are candidates for part consolidation. Then the product disassembly complexity (PDC) can be used to
measure disassembly complexity of a product before and after part consolidation. A case study is
performed to demonstrate the usefulness of the proposed design method. The proposed method
contributes to guiding how to consolidate parts for enhancing product recovery.

Keywords: additive manufacturing; complexity; modular design; part consolidation; product
recovery

1. Introduction

Studies of product design and development have helped engineers design products systematically.
Product architecture has been determined to improve manufacturability of conventional manufacturing.
A part with complex geometry in the product architecture divides into multiple parts for enhancing
manufacturability due to limitations of conventional manufacturing. Accordingly, design for
manufacturing and assembly (DFMA) has been focused on minimizing assembly and disassembly
time and cost as well as managing complexity of products by minimizing the number of parts and
connectors [1-3]. Since design freedom is severely restricted by conventional design methodologies,
it is difficult to achieve optimal product architecture by consolidating parts [4,5].

Additive manufacturing (AM) is revolutionizing product development by fabricating parts with
complex geometry directly [6]. Design for AM (DFAM) is introduced to improve manufacturability of
AM and alleviate manufacturing constraints for AM, while product lifecycle and sustainability are
less considered. To explore design benefits by AM, part consolidation design methods have received
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attractions from designers in terms of product redesign for improving performance, but are still
developing to integrate multiple parts, that are designed by limitations of conventional manufacturing,
as a single part by applying AM capabilities. Accordingly, in this study, we propose a design method
to consolidate parts for product recovery at the end-of-life (EOL) stage by extending conventional
module identification process. Since a module consists of multiple parts, these parts in the identified
module can be consolidated into a single object by AM. In the proposed method, product disassembly
complexity (PDC) is used to measure difficulty while disassembling parts from a product. Therefore,
the PDC plays an important role in understanding the status of product design for product recovery at
the EOL stage. Since the PDC increases according to difficulty of disassembly of parts and the number
of the parts and interfaces, the proposed design method aims to group parts with high disassembly
difficulty into modules in order to minimize the disassembly complexity of the product at EOL stage.
To assess disassembly difficulty in part level, single part complexity index (SCCI) is introduced by
modifying the PDC to consider part and interface complexities simultaneously. Based on the SCCI,
modules are identified by grouping parts with high SCCI value. The identified modules are considered
as design boundary for part consolidation that can be fabricated by AM, so that they contribute to
improving product recovery processes.

In this paper, Section 2 describes previous research and background in part consolidation
and design for additive manufacturing, and then the proposed method is explained in Section 3.
The proposed method described how to consolidate parts based on product disassembly complexity.
Then a case study is performed with a coffee maker to demonstrate the usefulness of the proposed
method in Section 4. A discussion of this study is described in Section 5. Closing remarks and future
work are presented in Section 6.

2. Literature Review

Additive manufacturing (AM) process enables to produce complex parts. The AM has been
evolved from rapid prototyping, which is to create a part or system rapidly as a prototype, to develop
manufacturing process for creating final products directly. It alleviates design and manufacturing
constraints, so that design freedom is extremely expanded [7]. In this sense, design for additive
manufacturing (DFAM) has been introduced to take full advantage of the design freedom with
concerning part consolidation and redesign, and hierarchical structures [6]. Most of previous
studies in DFAM are to enhance performance of products while reducing costs [4,8,9], improve
functional performance [10], and focus on design guidelines to print parts successfully under
AM limitations [11]. Ponche, et al. [12] proposed a new DFAM methodology to consider design
requirements and manufacturing specifications. The new DFAM methodology consists of three
processes: part orientation and functional optimization for satisfying design requirements, and
manufacturing paths optimization. Rosen [13] proposed a computer aided DFAM based on a
process-structure-property-behavior framework to support part modeling, process planning, and
manufacturing simulations. Thompson, et al. [4] explored design opportunities, benefits, and freedoms
of AM at a part level and the macro scale, at the material level and the micro scale, and at a product
level. They described part consolidation as a process to consolidate parts for assembly into a single
printable object [14]. In other words, the part consolidation is considered to minimize the number
of parts.

DFAM methodologies in previous studies focused on redesign of parts by using lattice structure
and topology optimization. And, the redesign in module level and system level has been less addressed.
According to AM capability, multi-parts can be merged as a single object instead of manufacturing and
assembled parts separately and assembled. The advantages of the part consolidation are to improve
manufacturing efficiency by avoiding assembly operations and reduce production cost by minimizing
usage of connectors and tools for assembly [15]. There are few studies about the part consolidation.
Liu [15] performed a comparative study to investigate improvement of structural performance through
the part consolidation. It results in a guideline that both structural topology and build direction should
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be optimized to improve structural performance of consolidated parts simultaneously. Becker, et
al. [16] introduced design rules for AM to help designers rethink conventional assembly design towards
part consolidation. Atzeni, et al. [17] also provided design rules for AM including part consolidation.
The objective of the part consolidation was to redesign parts for conventional manufacturing and
minimize production costs. However, these previous studies provided general design guidelines but
had less focused on how to consolidate parts into a single object. Yang, et al. [18] proposed a method
of consolidating parts for AM by considering function integration to achieve better functionality and
structure optimization to improve performance at a part level. Moreover, when consolidating parts
by AM, sustainability should be considered. Yang, et al. [19] proposed a framework to investigate
environmental impact of consolidating parts on product lifecycle. It resulted in reduction of energy
consumption and environmental impact when consolidating the parts by AM. In order to focus on
the end-of-life stage of product lifecycle for sustainability, it needs to be considered product lifecycle
and product recovery, especially maintenance, repair, and recovery when complex parts and products
approach the end-of-life stage. The product recovery is a process of restoring inherent performance
of retired products. By reusing the retired product and recycling materials, companies can minimize
usage of raw materials, pollution during manufacturing, and wastes at the end-of-life stage [20,21]. In
addition, by replacing obsolete parts to new parts, lifespan of products can be prolonged. Accordingly,
when consolidating parts by using AM processes, the product recovery should be considered to
improve sustainability. To facilitate product recovery, a disassembly process is necessary to detach
materials, parts, and modules from the retired products.

The disassembly process can minimize cost and time for the product recovery, and avoid damage
to the quality of detached parts [22]. Therefore, previous studies of design for disassembly is mainly
focused on disassembly sequence planning [2,23,24]. As complete disassembly is not cost-effective
and practical, the disassembly sequence planning emphasizes on selective disassembly for product
recovery and maintenance. In some studies [25,26], attributes related to the difficulty of disassembly
were considered and the disassembly sequences were decided based on disassembly cost. Regarding
the importance of modular design for disassembly, Ishii, et al. [27] introduced module-based design
for product retirement and evaluated the compatibility of modules by calculating disassembly time
and cost. Kim and Moon [28] introduced a modular design method to generate eco-modules that
consider disassembly efficiency, and reusability and recyclability. In terms of manufacturing process,
it is needed to assess disassembly complexity for understanding current products” conditions and
then planning design strategies based on the disassembly complexity. Several papers considered
process complexity with design for assembly or disassembly. EIMaraghy and Urbanic [29] introduced a
product and process complexity assessment tool to understand the effects of human workers” attributes
in a manufacturing line. Samy and EIMaraghy [30] proposed a product assembly complexity tool with
considering handling attributes and insertion attributes during assembly operation. These assessment
tools for complexity would support assembly-oriented product design and guide designers to design
products with less complexity. Soh, et al. [31] measured disassembly complexity based on design for
assembly and accessibility for selective disassembly operations. Limitations of these researches are
that interface complexity is less considered, although the interface complexity is a major aspect of
disassembly operations. Therefore, this study emphasizes on an assessment of the product disassembly
complexity based on interface and component complexities simultaneously.

From the literature, three issues are identified in terms of design guidelines and sustainability.
First, the design guidelines and processes for part consolidation are less considered. Most of design
guidelines emphasized only on reduction of the number of parts. Second, sustainability including
product recovery has rarely been considered in design for additive manufacturing. Previous studies
have been researched for improving functionality through redesign. However, there are no diverse
reasons for part consolidation. Finally, to support the product recovery, it is required to understand
and assess disassembly complexity of a product to identify parts with high disassembly difficulty
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and facilitate disassembly operations. In the next section, the proposed part consolidation method to
support AM is discussed in detail.

3. A Part Consolidation Design Method for Additive Manufacturing

Conventional modular design method aims to group multiple parts into modules to enhance
manufacturing efficiency [32]. By shifting manufacturing paradigm from subtractive manufacturing
to additive manufacturing, these multiple parts in a module can be considered as candidates for
consolidation. Therefore, a part consolidation design method for AM, which is extending previous
study [33,34], is proposed to group parts with high disassembly complexity into a module to enhance
characteristics of products at the end-of-life (EOL) stage as shown in Figure 1. The first step is to
understand function flows, such as material, signal, and energy flows, of products and physical
relationships between parts. In the second step, single part complexity index (SCCI) is developed
to provide information on which parts are difficult to disassemble for product recovery based on
design attributes. The SCCI is an input of the third step and a modular driver for the product
recovery to cluster modules from viewpoint of the EOL stage. In the third step, modules are identified
based on adjacency matrix with the value of the SCCI by using Markov Cluster Algorithm. These
modules would be assessed to check whether it can be manufactured by an AM technology in terms of
material types. In this paper, since we focus on deciding clear design boundary for part consolidation
regardless of manufacturing constraints of AM, material types are considered in this research. However,
AM manufacturing constraints should be considered to determine more specific boundary for part
consolidation after deciding specific AM processes. After that, parts in a module can be consolidated
as a single object. It means that the concept of the module can be reinterpreted as the single part using
the AM technology. Finally, to assess how product architecture with modules for part consolidation is
improved to reflect product recovery, product disassembly complexity is used to compare between
products with modules that is a set of parts and products with a consolidated part by AM.

Steps of proposed method Applied methods
Step 1 Functional diagram
Analyze product dependency Design structure matrix

1 Relationship between parts

Step 2
Assess disassembly complexity of single part

1 SCCl value

Step 3
Identify modules, which are part consolidation ~ «—— Markov Cluster Algorithm
candidates, based on graph clustering

—— Single Part Complexity Index (SCCI)

1 Modules for part consolidation

Step 4
Assess disassembly complexity of a product

|

Parts to be consolidated by AM

le—— Product Disassembly Complexity

Figure 1. Overview of the proposed design method.
3.1. Product Dependency Analysis for Modular Design

Modular design has been developed to facilitate production processes, enhance product recovery
including maintenance, and reduce the number of physical parts. The main principle of modular
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design is to improve internal coupling within modules and minimize external coupling between
modules [35]. Accordingly, when the main principle of modular design is extended to the field of
additive manufacturing, it would be helpful to identify parts for consolidation. This is because module
identification considers functional relationships, combinability, interface standardization, and interface
complexity between parts [36]. Therefore, this paper mainly focuses on identifying modules that are
candidates for part consolidation with considering product recovery. To identify modules, there are
many tools for the modular design: axiomatic design, functional modeling, design structure matrix,
and modular function deployment [36]. In this step, a functional diagram is used to understand the
function flows of a product for identifying modules as shown in Figure 2. The functional diagram
consists of boxed for describing functions and three function flows: energy, material, and signal flows.
Based on this information, designers can classify modules heuristically like ‘Heater” to “Water reservoir”
in Figure 2. A design structure matrix (DSM) tool is applied to determine relationships between parts in
a product. As shown in Figure 3 of an example of DSM, ‘1’ represents that two parts have a relationship,
while ‘0’ represents that there is no relationship. The DSM provides fundamental information to build
an adjacent matrix in Step 3.

Bottom casing

On/Off :
Main code and switch Heater
Electrici i Store Supply Actuate  |$€ | ,|  Reguite €.€_| Convert elec. to Heat
ty electricity electricity electricity electricity heat
he
Transmit  |—=> Convert water to
heat == steam
T
T
!
Water reservoir ! Decanter
[ i
Hand Import  ——> Store Store brewed Heat
== Supply water i
Water = ---I> hand  L_pf water 1 _ coffee _AT=> Coffee
L& R
Hand { Import  —>f Store | s Supply | _ > Mix steam  —> Fiter coffee
Coffee _ ___l) hand = coffee coffee and coffee >
Filter

Water reservoir (Upper casing)
Material ~ ====3
Energy ~—— >
Signal RS

Figure 2. Functional diagram of the coffee maker.

A|B|C|D|E
A 1)1
Bl1 1
Cl1]1 1
D 1 1
E 1

Figure 3. An example of design structure matrix.
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3.2. Assessment of Complexity of Single Part

This research considers a “product disassembly complexity” term as the degree of disassembly
difficulty [34]. The notion of the disassembly complexity has two levels: part complexity and interface
complexity. For the part complexity, it emphasizes on attributes related to handling parts: weight effect
factor, size, symmetry, and grasping parts. For the interface complexity, the connector, that links parts
by physical and functional relationships, such as material, energy, and signal flows, is a key attributes
for manual disassembly operations. The attributes for interface are related to mechanical connector
types, non-mechanical connector types, and intensity of tool use. These attributes are critical to detach
parts or modules from a product.

These attributes and corresponding descriptions for parts and interfaces are described in Table 1.
These attributes are converted to the disassembly difficulty factor, which is values ranging from 0
to 1. The specific values of the disassembly factor are in reference [34]. Attributes that require high
disassembly difficulty are close to 1, otherwise, 0. For the part complexity, values of the disassembly
attributes for a part, called as disassembly difficulty factors, are determined by measuring assembly
handling time and normalizing it based on [30]. For values of the interface complexity, U-rating values
are applied to measure mechanical and non-mechanical unfastening processes. The U-rating value is
developed by estimating disassembly efforts based on a survey by [37] and [38]. Since the range of the
U-rating value is not between 0 and 1, the U-rating value is normalized in this study.

Table 1. Disassembly attributes for manual disassembly.

Attribute
Weight

Category
Part

Description

This factor represents how difficult parts are positioned and handled
according to part weight. Parts with heavy weight would need more
man powers, extra tools like lift, and set-up time for parts and tools for
disassembly.

Size A part size has an impact on both assembly and disassembly operations.
When the component size is too small to grab it, it can delay the further
disassembly process.

Symmetry The symmetry factor represents the easiness of disassembly process
regarding directions for detaching parts and the difficulty of positioning
parts for reassembly after disassembling the parts.

Grasping and
manipulation

Material property plays an important role in grasping parts, especially
vulnerability and stiffness. Vulnerability entails damages or
deformation of parts by dropping, bumping, and excessive grabbing
force. Stiffness is the rigidity to resist deformation in response to an
applied force, which is represented by elasticity modulus.

As a part with low vulnerability and high stiffness can be easily grasped
by a worker, the disassembly difficulty factor” value will be low.
Otherwise, the disassembly difficulty factor’s value is closed to 1.

Interface

Mechanical
unfastening process
(U-rating)

Non-mechanical
unfastening
(U-rating)

Tools required with
low intensity/ high
intensity

As the mechanical connectors are detachable fasteners with relevant
tools, it can be recursive for assembly and disassembly. In this research,
nine types of the mechanical connectors are considered as follows:
screw/bolt with standard head, screw/bolt special head, nut and bolt,
retaining ring/circlips, interference fit, rivets/staples, pin, cylindrical
snap fit, and cantilever snap fit.

The non-mechanical connectors like lead and welding material are to
firmly bond components, so that disassembly can be mostly difficult.

When using the mechanical and non-mechanical connectors, relevant
tools are needed for assembly and disassembly operations. The number
of tools for disassembling parts and the intensity of the tool use are
considered as a disassembly attribute to represent the difficulty of
disassembly.
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By considering these disassembly attributes and their values, SCCI was introduced to analyze
disassembly difficulty of a part by considering both part design and interface design at the same time
as shown in the Equation (1) [39]. In Equation (1) for SCCI of the kth part, the weighted average value
is applied to consider of part (Cx) and interface complexity indices (Ii).

CeX)Coj + L XN Ci

SCCI, = 7 5 (1)
Z‘l Cc,j + 21 Ci,n
Z] C.
Cp= =1 @
N
C;
Ik _ ZlN Ln (3)

where, C. is a disassembly difficulty factor value of the jth attributes; C; , is a disassembly difficulty
factor value of nth interface attributes; Cy is the average of disassembly difficulty factors for kth part;
] is the number of attributes for part complexity (here, | = 4); I is the average of disassembly difficulty
factors for interfaces of kth part; and N is the number of attributes for interface complexity (here,
N =3)[39].

3.3. Module Identification based on Graph Clustering

In order to consider interwoven relationships between parts in a product, Markov Cluster
Algorithm (MCL) is applied to group parts with high complexity into a module for AM. The MCL is
used to cluster complex biological networks in the field of bioinformatics [40,41]. The MCL is a fast
and scalable unsupervised clustering algorithm based on the mathematical concept of random walks.

First, an adjacent matrix, A, is developed with the value of the complexity as weight value on
the edges. However, since the SCCI represents the disassembly complexity value of a single part, the
SCCI value should be converted as the weight value of edges between ith part and jth part with the
following equation.

. w(i,j) if ith and jth parts have relationships
Auﬂ:{o(” g ihand iy : @
w(i, j) = SCCI; + SCCI; (5)

After building the adjacency matrix, second, Markov matrix, M, is developed to identify random
walks from the adjacency matrix based on Equation (6). According to the equation, weight values in
the adjacency matrix is transformed to values between 0 and 1 for representing stochastic flow from ith
part to jth part.

. AL, J)
Miij) = 5t ©

Third, the MCL process performs two main operations: expansion and inflation. The expansion
represents random walks with many steps and is the same as normal matrix multiplication. The
expansion is to allow the flow to connect different regions of the graph. Nodes that have higher values
with edges from a departure point to a destination point have high chance to be clustered. The inflation
prunes edges with low disassembly complexity. By using Equation (7), the inflation operation makes
regions with higher value on edges thicker, and makes regions with lower value on edges thinner
based on the inflation parameter, r. The inflation parameter is non-negative value and used to rescale
the matrix M. It results in M;,;;, which is stochastic matrix and represents probability values of edges.

y M, j)"
Mznf(lr]) ZZ:1 M(k, ])r (7)
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By iterating these two main operations, parts will be grouped into modules, which is primary
boundary of part consolidation for AM.

3.4. Assessment of Disassembly Complexity of a Product

Based on the aforementioned information in Table 1, the PDC can be used to represent a tendency
of disassembly complexity of a product logarithmically. The total number of parts (N,), the total
number of interfaces (N;), the number of unique parts (11.), the number of unique interface (1;), part
complexity index (CI), and interface complexity index (II) are considered as the Equation (8) [34]. The
PDC in Equation (8) is introduced by modifying the entropy theory. Accordingly, when the number of
parts and interface, and values of CI and II are lower, the value of the PDC will be closed to 0.

PDC = (ﬁ n CI)logz(NC 1)+ (24 n1)loga(N; + 1) ®)
N, N;
As shown in Equations (9) and (10), the CI and II are calculated to sum up part complexity and

interface complexity of each part on Equations (2) and (3), respectively. The wy is a weight value of the
interface complexity index.

1p

Cl = Z wiCy ©)
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The PDC reflects design for disassembly that recommends reduction of the number of parts.
When a product has less number of parts and interfaces, the PDC will be decreased. In this study, the
PDC focuses on assessing part complexity and interface complexity for a product. PDC is used to
assess disassembly complexity when a product consists of modules in conventional manufacturing or
consolidated parts by AM processes.

3.5. Redesign for Additive Manufacturing

Parts are designed to alleviate manufacturing constraints of conventional manufacturing and
enhance assembly efficiency to minimize manufacturing cost and time. Since design paradigm is
shifting from conventional manufacturing to additive manufacturing, redesign for AM is required to
alleviate newly introduced manufacturing constraints and add design values by AM. To utilize the
advantages of AM technologies, designers must have understanding of AM capability and limitation
to ensure manufacturability of parts because they do not have experience about AM and design for
AM typically [42].

Consequently, existing design methods for conventional manufacturing have been modified and
improved to consider AM. Two approaches are proposed to support the modification of existing
design methods [42]: (1) a partial approach and (2) a global approach. The partial approach focuses on
manufacturability improvement for AM so that the results are not very far from the conventional design.
Since the partial approach starts with existing design but designers have a lack of DFAM knowledge,
low AM design benefits can be taken. Filippi and Cristofolini [43] and Boyard, et al. [44] combined
the Design for Manufacturing (DFM) and Design for Assembly (DFA), which are conventional design
methods, to apply for DFAM. Filippi and Cristofolini [43] tried to build several knowledge matrices
that combine the knowledge of both design-side and manufacturing-side. Boyard, et al. [44] developed
a knowledge tree for AM that indicates the inter-connection between different design stages. On the
other hands, the global approach is to support exploration of AM design benefits after selecting specific
AM manufacturing process characteristics while meeting the functional requirements of the parts.
Therefore, topology optimization method can be utilized to take advantages of AM by resolving the
stress and strain distribution on a structure. The ultimate goal of topology is saving materials [9]. Yao,
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Moon, and Bi (2017) proposed an AM design feature recommendation method that can help designers
organize and utilize design knowledge to explore AM-enabled design space systematically. Both
partial and global approaches can guide designers to redesign existing part for adopting AM by taking
AM unique capabilities. Next, we demonstrate the effectiveness of the proposed design method using
a case study involving a coffee maker.

4. Case Study

To demonstrate the usefulness of the proposed design method, a case study with a coffee maker
was performed. The specification of the coffee maker is described in Table 2. In the first step, the
function flows of the coffee maker were described to understand functional relationship between parts
for identifying modules as shown in Figure 2. Then, DSM was developed to reflect the relationships
between parts in the product as shown in Table 3. In the second step, each part design and interface
design between parts in the product were analyzed by using Equations (2) and (3), respectively. Based
on the analyzed values, SCCl is calculated by using Equation (1) as shown in Table 4. Each value of
elements in the adjacency matrix was calculated by the sum of the SCCI values of two parts based
on Equations (4) and (5), so that the adjacency matrix in Table 5 is determined finally. For example,
a value of the element between bottom cover (1) and bottom casing (17) was 0.020 and it was calculated
by the sum of SCCI value of the bottom cover, 0.010, and SCCI value of the bottom casing, 0.010.

In the third step, MCL was applied to determine modules for product recovery, which is a design
boundary for part consolidation for AM as well, by using the adjacency matrix. Since MCL is an
unsupervised learning algorithm, the number of modules is determined randomly. In this case study,
the number of modules converges to 7 as shown in Table 6.

Table 2. Specification of the coffee maker.

No. Part Name Material Type Coffee Maker
1 Bottom cover PP
2 Silicon ring Silicon
3 Hot plate Al
4 Casing for heater PP
5 Heater Al
6 Power cord Copper
7 Water tube set PP
8 Silicon tube Silicon
9 Water reservoir PP
10 Steam sprout PP
11 Filter basket PP
12 Filter frame PP
13 Filter net PP 4~6 cups/046 L
14 Filter handle PP Brewing time <10 min
15 Lid of coffee maker PP
16 Decanter Glass
17 Bottom casing PP
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Table 3. Design structure matrix of the coffee maker.

DSM 12 3 45 6 7 8 9 10 11 12 13 14 15 16 17
1 Bottom cover 1 1
2 Silicon ring 1]1
3 Hot plate 1 111 1|1
4 Casing forheater |11 |1 1
5 Heater 111 1 1 1 1
6 Power cord 1 1
7 Water tube set 1
8 Silicon tube 1 1 1] 1
9 Water reservoir 1 1 1 1 1
10 Steam sprout 1]1 1 1
11 Filter basket 1|1 1 1
12 Filter frame 1 1|1
13 Filter net 1
14 Filter handle 1
15 Lid of coffee maker 111 1
16 Decanter 1 1 1 1
17 Bottom casing 1 1{1(1]1 1 1 1

Table 4. Complexity information of the coffee maker.

No Part Name No. ] Ci N I SCCIy
1 Bottom cover 1 4 0748 3 0217 0.010
2 Silicon ring 1 4 0828 3 0327 0.013
3 Hot plate 1 4 0748 3 0217 0.010
4 Casing for heater 1 4 0713 3 0217  0.009
5 Heater 1 4 0748 3 0150 0.009
6 Power cord 1 4 0748 3 0483 0.014
7 Water tube set 1 4 0748 3 0.150 0.009
8 Silicon tube 4 4 0713 3 0150 0.008
9 Water reservoir 1 4 0788 3 0110 0.010
10 Steam sprout 1 4 0713 3 0150 0.008
11 Filter basket 1 4 0748 3 0.033 0.009
12 Filter frame 1 4 0713 3 0.033 0.008
13 Filter net 1 4 078 3 0277 0.011
14 Filter handle 1 4 0748 3 0110 0.009
15  Lid of coffee maker 1 4 078 3 0.133 0.010
16 Decanter 1 4 0713 3 0217 0.009
17 Bottom casing 1 4 0748 3 0217 0.010

In order to improve design feasibility of modules when adopting AM, manufacturing constraints
of AM should be considered. Accordingly, total size of the module should be less than build chamber
size of selected AM process and material types of parts in the module are identical except for using
multi-material AM process. Furthermore, design rules for AM should be considered to improve
manufacturability of product design. The design rules are mostly related to minimum thickness and
overhang features that require support structure [45], which are derived from a combination of material
and AM processes [46]. Therefore, designers should understand these various design rules.

In this study, we used the material type for assessing design feasibility of modules because the
material type was critical when parts in a module were consolidated as a single part by sharing the
same additive manufacturing processes. Accordingly, parts in modules 5 and 6 as shown in Figure 4
can be consolidated by using AM, which is 9" and 11" in Table 6. Accordingly, designers can consolidate
parts in the modules 5 and 6 as a single part by using AM.

In the fourth step, the product disassembly complexity was applied to understand difficulty of
disassembly and compare the difficulty of disassembly between a product with conventional modules
and a product with consolidated parts in the modules 5 and 6. As a result, the product with consolidated
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parts had a lower value of the PDC than the value of PDC of the product with conventional modules
as shown in Table 7, which is around 19% PDC reduction by part consolidation.

Table 5. Adjacency matrix for the single part complexity index (SCCI) of the coffee maker.

SCCI 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1 Bottom cover 0.019] 0.020)
2 Silicon ring 0.023(0.022]
3 Hot plate 0.023 0.019]0.019] 0.0190.020)
4 Casing for heater |0.0190.022/0.019 0.018 0.019)
5 Heater 0.019]0.018] 0.023] 0.018 0.018/0.019)
6 Power cord 0.023] 0.023]
7 Water tube set 0.018]
8 Silicon tube 0.018 0.018] 0.018/0.017]
9 Water reservoir 0.018] 0.018|0.019 0.020)] 0.020)]
10  Steam sprout 0.0170.018| 0.017] 0.019
11 Filter basket 0.0190.017] 0.017 0.018
12 Filter frame 0.017] 0.019(0.017]
13 Filter net 0.019|
14 Filter handle 0.017
15Lid of coffee maker| 0.020/0.019| 0.020)
16 Decanter 0.019] 0.018 0.018] 0.019)
17  Bottom casing 0.020 0.020]0.019|0.019(0.023 0.020) 0.0200.019|

Table 6. Module identification and assessment.

Assessment of Modules

Module No. A Product with A Product with Parts
Conventional Modules from AM Material Type
1 2,3 2,3 X
2 4 4 -
3 5 5 -
4 7,8 7,8 X
5 9,10,15 9 @)
6 11,12,13,14 11 @)
7 1,6,16,17 1,6,16,17 X

9. Water reservoir

(a) Module 5

15. Lid of coffee maker

'\

2. Filter frame

e

13. Filter net |

14. Filter handle

11. Fil

ter basket

(b) Module 6

Figure 4. Parts in selected modules for part consolidation.
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Table 7. Comparison of product disassembly complexity (PDC) when considering modules and
parts consolidation.

Index A Product with Conventional Modules A Product with Parts from AM

N 20 15
e 17 12
N; 8 8
n; 3 3
PDC 8.765 7.079

5. Discussion

Design for AM has mainly focused on creating parts with complex geometry for improving
functionality, designing parts with considering constraints of AM processes, and consolidating parts
for minimizing the number of parts. To consider product recovery including maintenance, part
consolidation should be planned to achieve selective disassembly. Therefore, we proposed a design
method to guide how to consolidate parts by removing assembly joints that are difficult to disassemble
at the EOL stage. The proposed method results in modules based on the SCCI as a modular driver, and
functional and physical relationships from a functional diagram and DSM.

After identifying these modules, it is required to check whether parts can be consolidated regarding
material types of the parts. Since the parts in modules 1, 4, and 7 are made of different materials like
aluminum, silicon, plastic, and glass, they cannot be consolidated due to limitations of AM processes
that mostly support single material. On the other hands, modules 5 and 6 contain parts that have
the same material and are closed to each other physically and functionally. Furthermore, since these
parts are grouped into modules because they have high SCCI values, modules 5 and 6 are appropriate
candidates for part consolidation to reduce the part count of a product, which is a primary goal of part
consolidation. Modules 5 and 6 will be fabricated by AM, while other modules will be manufactured
by conventional manufacturing. Accordingly, the result of the proposed design method can be used
as design strategy to manage which parts will be fabricated by AM selectively to support flexible
manufacturing by facilitating both conventional and additive manufacturing.

However, when designers consider a design feasibility factor as maintenance frequency of the
parts instead of the material type between parts in the module, consolidating the filter basket and filter
consisting of filter frame, filter net, and filter handle in module 6 may be not acceptable decision because
the filter should be frequently cleaned after use. Furthermore, the proposed design method can be
applied to generate new candidates for part consolidation, which are parts in modules, by considering
other modular drivers related to repairability, reliability, or financial benefit. These modular drivers
can be represented by characteristics of parts like SCCI and characteristics between parts. For example,
remained useful lifespan (RUL) of each part can be modular drivers, and then parts with the same
RUL can be grouped into a module by the proposed design method with using RUL of parts instead of
SCCI. Since RUL of the parts is the same, maintenance frequency would be the same. Accordingly,
parts with similar lifespan can be consolidated by AM. Furthermore, feasibility analysis for selected
candidates for AM should be required to identify AM benefits in terms of redesign cost, manufacturing
cost and time, financial benefit, and performance enhancement against subtractive manufacturing.

6. Closing Remarks and Future Work

AM enables fabricating parts with complex geometries and consolidating multiple parts for
conventional manufacturing to enhance performance by using less material and energy, compared to
subtractive manufacturing. However, design for AM has mainly focused on manufacturing stage in
the product lifecycle rather than end-of-life (EOL) stage. Therefore, this study considers maintenance
and product recovery at the EOL stage in order to prolong product lifecycle. Since disassembly
operations are closely related to efficiency of reusability and recyclability in the EOL stage, we
introduced the modular design method for consolidating multiple parts to less number of parts or a
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single part. The disassembly complexity of each part is assessed by SCCI and then parts with high
disassembly complexity are grouped into modules, which are candidates for part consolidation by
using AM. Therefore, this study contributes to reduction of disassembly complexity of a product after
the part consolidation.

A limitation of this study is to consider disassembly complexity for determining primary design
boundary for part consolidation, which is the module. Accordingly, the proposed design method can
be a starting point of product redesign for AM. As future work, other factors for product lifecycle, such
as design cost, reliability of parts, maintenance requirements, and specific manufacturing constraints,
will be considered to provide specific candidates for part consolidation within modules and between
modules. After selecting these candidates, design feasibility of these candidates will be performed
with various case studies with parts that have complex geometries after the part consolidation.
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