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5.4. Moscow Subway Station (Mayakovskaya)

On 11 September 1938, Mayakovskaya Metro station was opened to the public. The station is
one of the best metro stations of the late 1930s, belonging to the early period of so called Stalinist
architecture. It was designed by the Soviet architect, Aleksey Dushkin (1904-1977) [37]. Despite being
in the era of Stalin’s Empire style, it seems avant-garde enough to be considered an example of Art
Deco. As that is one of the deepest underground stations at 52 m, it was used as a bomb shelter during
WWIL, in particular the German bombing of Moscow in 1941. From an architectural point of view,
although the load-bearing structure is made of steel, the succession of arches contributes to emphasise
the perspective of the underground construction. Mayakovskaya subway station is a definite inheritor
of the Romanesque. It certainly owes much more to Western European Christian architecture, than to
the Byzantine tradition [38].

It is a three-vault station with two rows of columns, see Figure 17. Many tourists think that the
vault is composed of basket-handle arches, see Figure 17A. This may be by fact that in the vault of
the central nave, there are 35 oval ceiling niches surrounded by filament light [39]. However, after
an analysis with the performed application, it was observed that the arches of the central vault did
not coincide with a basket-handle arch. In any case, it is not of three centers (see the upper part of
Figure 17B) but it looks like an elliptical section.

Figure 17. Moscow subway station (Mayakovskaya). (A) Original image. (B) Analysis of the optimal
basket-handle arch (in red).

6. Discussion

In the study of the arches, the problem that is posed is that of supporting a certain load. In this
case, the arch will not collapse when it is possible to draw two straight lines that join the supports
with the point of application of the load, hence the appearance of the very thick lowered arch and the
buttresses. The buttresses were built mainly to support the horizontal thrust of the vaults covering
the naves of Gothic churches or cathedrals [23]. Thus, from an inclined beam to a wall as a buttress
and then to lighten the structure to the so-called ramp arch [23]. This is a slender two-arch structure
characterized by a higher support on one side than the other, see Figure 1E. In elliptical arches in
general and in the basket-handle arches in particular, the minimum thickness necessary to support
its own weight is slightly greater when it is assumed that the plane of rupture is vertical at the point
where the mechanism occurs, and that the structure collapses.

The study of the relationship between the thickness of the arch and its radius is a function of
the relationship between the rise (h) and the half of the clear span of the arch (d) (Figure 12). It was
concluded that for elliptical arcs (d/h = 0.5), the smallest minimum thickness required was obtained
when the rupture was vertical [26]. Thus, if the arch is built with voussoirs, so that the union of the
voussoirs follows the line of the intrados of the arch, the plane of rupture begins radially in the intrados
and propagates as vertical towards the extrados, while the point where the mechanism is generated
does not change [26]. In the structural study of masonry arches, three types of analysis are considered:
Equilibrium (static), geometry (compatibility) and materials (tensions). In the case of historical arches,
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only the first two are useful, as it is considered that the sections are subjected to stresses lower than the
maximum that the materials (rocks) can withstand.

On the other hand, arches in architecture not only fulfil a structural function, but have been
traditionally used as an aesthetic element. Therefore, it has been important to maintain the proportions
between the clear span and the rise of the arch. Some authors have argued that the relationship between
the central arch and the lateral arch should be the maximum [29]. In this study, it has been shown,
through the analysis of case studies of historic buildings, that the relationship between the central arch
and the lateral arch is the opposite, the minimum.

It is necessary to point out the limitation or drawback of this study. The photographs with metric
quality were not available. However, this can be solved, for example, with close range photogrammetry
with metric quality obtaining, for example, orthophotographs.

In many of the cases studied, it has been possible to verify first, if they are basket-handle arches of
three centers, and second, if the proportion used fulfills the hypothesis raised in this study. It is also
necessary to highlight that in those cases in which the solution proposed in this study has not been
reached, it has been observed that it is very close. Therefore, it is considered that the study has been
valid for arches of this type, basket-handle arches or three centers arches.

7. Conclusions

In this work, the geometry of the basket-handle arch has been reviewed. It has been studied from
different approaches. On the one hand, the geometry that is known in classical literature and from the
constructive point of view, as a structural element. Since, in a circle, the tangent direction at any point
in the circle is perpendicular to the radius passing through that point, it is deduced that the centres
of the central arch and of the circles and the point of link or tangency are aligned. The main effort
to be considered is the horizontal thrust of the arch, which can be greater, therefore, the greater the
relationship between the clear span or the springing line of the arch and the rise. Therefore, raised
arches give horizontal thrusts smaller than extended arches. Basket-handle arches are lowered arches
that would collapse due to the sinking of the keystone (central piece of the arch) and the overturning of
the lower sides towards the outside of the arch. With the increase in the length of the arch span of the
basket-handle, the problem of the spatial stability of the arch becomes even more important. Among
the infinite solutions, it has been proposed that the optimum solution is an arch as low as possible
and that it maintains the aesthetic characteristics. That is to say that of all the possible basket-handle
arches, it is the one in which the ratio between the radii (R/r) is the smallest. This study can serve as a
basis for the design of basket-handle arches as structural elements maintaining their aesthetic function,
which has been used uninterruptedly for centuries.
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Abstract: In the current market environment, the formulation of a railway luggage and package
transport scheme (RLPTS) is often affected by the specific requirements of the transport organization,
the complex composition of the transport service network, and the dynamic changes of transport
demands, which make it very difficult. In this paper, a two-stage RLPTS formulation method is
proposed that can meet not only transport demands with dynamic changes, but also the requirements
of transport timeliness. It is used to solve the problem of current RLPTS formulation. First, a dynamic
service network for railway luggage and package transport (RLPT) is constructed based on passenger
train schedules, and based on this network, an improved A* algorithm is designed to generate feasible
path sets for RLPT demand. Then, based on feasible path sets, a flow distribution model aiming at
maximizing the total profit of transportation is established to solve the model in order to enable the
flow allocated on the path. Finally, an example calculation shows that the method can implement the
RLPTS formulation rapidly.

Keywords: railway luggage and package transport scheme formulation; transport timeliness;
time-space service network; K shortest path; A* algorithm

1. Introduction

In recent years, with the development of China’s e-commerce logistics, the improvement of
the railway network, the speeding up of the railway, and the development of freight business, the
proportion of express railway in China’s capacity structure has increased, and railway capacity has
become one of the future directions for express delivery. China Railway Express (CRE) has the largest
railway transportation network in the world, but it has relied on enterprise customers, since for a long
time there has been a lack of distribution teams at both ends of “door-to-station” and “station-to-door”
in the individual consumption layout, which leads to poor timeliness of the whole “door-to-door”
business. Timeliness is at the core of competitiveness for express businesses. Most logistics companies
refer to timeliness as the core index to divide service levels into different groups of products. For
example, S.F. Express has launched several products representing different service levels, such as arrive
today, arrive next morning, standard express, and special express. We summarized S.F. Express’s levels
of express delivery services in 2018, as shown in Table 1 [1]. S.E. Express relies on highways to build
medium- and long-distance transportation services. Although its urban distribution service network
is considered ideal, its speed is much slower than railway transportation, and it also faces high-cost
pressure to maintain air transportation. The two companies recently established CR-SF International
Express Co. Ltd (Shenzhen, China) to provide customers with safe, convenient, and efficient pickup
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and delivery services. To a certain extent, this amalgamation makes up for the poor timeliness of
railway logistics door-to-door business distribution at both ends, but the commitment to creating
door-to-door product cooperation still requires seamless connection at both ends of the distribution
service. At present, this is a very common mode of transport, but what restricts its development is
the formulation of railway luggage and package transport schemes (RLPTSs) from station to station.
Therefore, this paper will focus on RLPTS formulation.

Table 1. Levels of service and related indices of S.F. Express in 2018.

Indices
Company
Service Levels Delivery Time Charges
Arrive today Before 22:00 today 140 yuan **
S.F. Express Arrive next morning Before 10:30 next Qay 25 yuan*, 14 yuan/kg ***
Standard express 1-2 days after receipt 23 yuan*, 14 yuan/kg ***
Special express 2-3 days after receipt 18 yuan*, 4 yuan/kg ***

Notes: *, **, *** represent prices for first 1000 g weight, first 500 g weight, and continued weight.

RLPT, taking the baggage cars of passenger trains as carriers, mainly transports small goods at
high speed. RLPT organizations are based on RLPTS. After the passenger train operation plan and
baggage car hooking plan have been set, RLPTS provides the routes for all luggage and package flow
and transfer plans for part of the luggage and package flow. The essence of RLPTS is to match the
luggage and package flow with the transport capacity in either the flow volume or direction. However,
the theory and method of making RLPTS still have room for improvement.

The issue of implementing RLPTS has been a concern in the research literature for the past few
years, and some researchers tried to apply the network flow method to solve the relevant problem [2—4].
One study [2] depicts the RLPT network as a time-varying network and divides the luggage and
package routing problem into the shortest path problem of a single origin—destination (OD) without
any capacity constraint and multi-commodity flow problem. Another study [3] states that the difficulty
of implementing a luggage and package shipping plan is a K-shortest problem, and according to the
characteristics of this problem, it needs to establish a complete transfer network, which considers the
transfer time, cost, and degree. Thus, an optimized mathematical programming model with the lowest
generalized transport cost can be established. A service network dynamic model for this problem
is established in Ref. [4], adopting a heuristic approach based on linear programming relaxation,
which takes the upper and lower bounds through column generation and rounding to find the best
feasible solution.

Though these studies contribute a lot to the problem of making RLPTS, they still cannot solve it
perfectly. The routing problem of luggage and packages is discussed in Ref. [2] by ignoring the flow
distribution issue with capacity constraint. It is hard to solve using the transfer network completely, as
proposed in Ref. [3], which has a problem on large-scale networks. A valuable method to resolve this
problem is proposed in Ref. [4], but it does not consider the loading and unloading capacity constraint
of stations, which is important to ensure the usability of the results.

Since goods have both time and space information in the whole transportation process, we intend
to construct a dynamic time-space service network to study the timeliness of transporting goods.
Compared with the traditional static physical network, the advantages of a dynamic time-space network
include the ability to represent the transportation state that changes with time, better simulation of the
complex time constraints in the station-to-station transportation process, and accurate characterization
of the timeliness in the process of transporting goods. The construction method of a dynamic time-space
service network is described in detail in Section 3.1.1. Based on the theory and method of service
networks, we studied the factors that affect RLPT optimization and established an optimization model
with maximum transportation revenue to solve the problem of implementing RLPTS.
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The remaining parts of the paper are as follows: Section 2 presents a review of previous studies and
analyzes the shortage of studies on this topic. In Section 3, the solution of RLPTS is introduced in two
parts. First, a K shortest path search algorithm based on an improved A* algorithm under a dynamic
time-space service network is proposed. Then the flow distribution model is constructed on the basis
of feasible path sets. Sections 4 and 5 present a numerical example and conclusion, respectively.

2. Literature Review

The essence of the problem of RLPTS formulation is how to choose the right path to meet demand,
and its core is how to allocate traffic volume to passenger trains with cargo trailers. Traffic volume
distribution refers to the process of reasonably allocating OD flow to the transportation network
according to certain objectives. The traffic volume distribution results are the traffic volumes allocated
by each road section. The traffic assignment problem based on system optimization is generally a
nondeterministic polynomial problem in combinatorial optimization. It cannot calculate or search for
the correct results directly in a timely manner. Usually, it needs to simplify the model or use a heuristic
algorithm to solve it.

At present, there is little research on the formulation method of RLPTS, and the relevant literature
usually only considers the transport time of station-to-station, and the transportation scheme cannot
reflect the personal requirements of customers. The current formulation methods of RLPTS can be
roughly divided into two types: The first type [5-35] is to build a flow distribution model with capacity
constraints on the transport service network and solve the model by designing relevant algorithms.
The model established by this method can accurately describe the problem of transportation scheme
formulation, but the model is generally difficult to solve, and the optimal solution cannot be obtained
in a timely manner when the scale is large. In the second type [36—48], under the conditions of not
considering transport timeliness and capacity constraints, all the paths set between package business
stations are first calculated, and then the flow distribution model is established based on the feasible
path set to solve the problem. The model established by this method is easy to solve, but the description
of the problem is not accurate enough, and many unreasonable paths are obtained, which increase the
difficulty of flow distribution. At the same time, the transport capacity constraint is not considered
sufficiently in the flow distribution, and the result has low accuracy, thus the obtained transport scheme
can only be used as a reference.

In addition, with the rapid growth of domestic transportation demand for small-batch, multi-
batch, and high-value-added small-piece goods, customers” demands with different characteristics of
RLPT will change dynamically. Existing studies on RLPTS formulation methods are mostly because
the demand is fixed over a long period of time, and the corresponding transportation scheme is also
fixed. When the demand starts to change, it is impossible to formulate a transportation scheme within
a short period of time, so customers cannot be promised transport timeliness.

Railway luggage and packages are carried by luggage vehicles, which are mounted behind
passenger trains. The passenger train schedule is fixed in a certain period of time. It can be understood
that the possible transportation path of the luggage is also fixed in a certain period of time. Based on
this, we divide the solution of the problem into two stages and design a two-stage RLPTS formulation
method. First, a dynamic time-space service network of RLPT is constructed based on passenger train
schedules, station sets, transfer station sets, and demand information. Considering the basic principles
of RLPT organization and the relevant constraints, the path search algorithm is designed to calculate
OD path sets that conform to station-to-station transportation timeliness. Then, based on the path sets,
the flow distribution model is established by taking into full consideration the path transport capacity
constraints and the RLPT demands with different aging requirements, aiming to maximize the total
transport profit and solve the model to generate the RLPTS.

The innovative points of this paper are as follows:
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e Based on passenger schedules and demand information, we include the station-to-station
transportation process in the research scope and construct a dynamic time-space service network
of RLPT.

e  The initial constructed time—space network is processed into a closed time—space network at both
ends, and the improved A* algorithm adapted to the network is adopted to generate feasible path
sets for all transportation demands. It is suitable for solving large-scale network problems.

e  Considering the relevant important constraints, a flow distribution model is constructed. Feasible
path search and traffic allocation are part of the important components in the two-stage method.
The advantages of the two-stage method include the following: Based on the static timetable of
passenger trains in a certain period of time, different timeliness paths can be found. Once the
demand changes, only one-time traffic volume can be reallocated through the model to compile the
RLPTS in a short period of time. Therefore, the two-stage solution method can not only guarantee
the transportation timeliness of demand, but also meet the traffic volume transportation demand
and greatly reduce the difficulty when solving the problem and improve the solving efficiency.

Based on the above analysis, we take transportation timeliness as the core and design an effective
and feasible path search algorithm based on the dynamic time-space service network of RLPT. Finally,
the optimization method of transportation schemes is studied on the basis of the set of feasible paths.

3. Methods
3.1. Feasible Path Search Algorithm Based on Dynamic Time—-Space Service Network

3.1.1. Construction of Dynamic Time-Space Service Network

A transportation service network is designed to determine the transportation service set with
the minimum cost or maximum profit under existing transportation resources and limited conditions,
and at the same time to meet the transportation requirements of customers [20]. For station-to-station
RLPT, the transport process between two points can be regarded as a kind of transportation service
provided by cars. When we abstract this kind of service into an arc, we can use the dynamic service
network to study the optimization of RLPTS. The dynamic time—space service network can flexibly
represent the varying transport time and accurately reflect the time-space correlation.

This paper refers to the RLPT service network in the literature [36-49]. As shown in Figure 1, for
the vertical axis, S; to Sy are RLPT handling stations. The horizontal axis represents time. The nodes in
each row represent the same station at different times, and the nodes in each column represent different
stations at the same time. When a car provides RLPT services, a series of arcs will be generated on the
network. Figure 1 is a simple RLPT service network with two trains. The solid line is a train running
arc (TRA), which represents the operation of passenger trains between RLPT handling stations. There
are two types of horizontal dotted lines connected with nodes of the same RLPT handling station.
The dotted line connecting the same trains from head to tail is a delayed arc (DA), which means that
packages stay at the station waiting to be delivered. The dotted line connecting different trains from
head to tail is a transit arc (TA), which means that packages are transferred from one train to another
at the station. The main field definitions and data types of time— space nodes and arcs in the whole
algorithm are shown in Tables 2 and 3, and their ID indices start from 0. The indices of different
time—space arcs are shown in Table 4.

Table 2. Field definitions of time-space network nodes.

Field Definition Data Type
node_id ID index of time—space network node Int
train_code Train code on which node is located String
station Station corresponding to time-space node Station class with attributes
time Time corresponding to time-space node Double
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Table 3. Field definitions of time-space network arcs.

Field Definition Data Type
arc_id ID index of time-space arc Int
type Type of time—space arc Int
train_code Train code on which time-space arc is located String
start_node Head node of time-space arc Node with attributes
end_node Tail node of time-space arc Node with attributes
weight Time difference between nodes at both ends of arc Double

Table 4. Type index of different time-space arcs.

Time-space Arc Type Index
TRA 0
DA 1
TA 2

Unlike the station-to-station transport process, when the two parts of door-to-station and
station-to-door are included in the research scope, the constraints of transportation organization time
and connection time need to be considered. When goods arrive at the sending or terminal station, the
loading and unloading should be organized uniformly for a certain period of time, and the train’s
stopping time should meet the loading and unloading operation time requirements of the goods. As
shown in Figure 1, two trains can reach station Se close to destination D, but train 2’s departure time is
too early, so the goods can only be sent to station S; at first, and then transported by train 1. In the
process of transportation, the goods can be transferred to train 2 and transported to destination D
within time periods Ty to T7. Through a combination of a series of service arcs in the network, the
process of RLPT is described, which can not only simulate the complex time constraints in the process
of RLPT and properly calculate the K shortest path of OD, but also ensure timeliness in the process
of transportation.

T L L L L L L % T T, Time

o

5

S,

s
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SS
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D b Node » DA
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Figure 1. Dynamic time-space service network for RLPT. TRA, train running arc; DA, delayed arc; TA,

transit arc.
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3.1.2. Principles and Restrictions of Path Search

For an OD pair with a given transport demand, the search for an RLPT path needs to satisfy
the following restrictions following the organizational principles of RLPT, such as direct departure,
reasonable division of transportation between long and short distances, and regional distribution:

1. Time limit of loading and unloading operations. The loading and unloading of goods must be
completed before the departure of the train; otherwise, the goods will not be able to undergo
loading and unloading at the station.

2. Minimum transit operating time limit. At the transfer station, the time interval between the
arrival of the previous train and the departure of the next train is the transfer connection time. If
the transfer connection time does not meet the limit of the shortest transfer operation time, the
goods will not be able to undergo transit operation at the station.

3. Limited number of transits. Each transit of goods will be accompanied by a loading and unloading
operation, which not only consumes a lot of transportation resources, but also increases the
uncertainty and reduces the safety of the transportation process. Therefore, it is stipulated that
the maximum number of transits should be two, and any path with more than two transit times
will be ignored.

4. Transport timeliness constraint. The transportation time of the searched feasible path should
not be too long, and the path should be guaranteed to meet the timeliness requirements of the
cargo owner.

3.1.3. Preprocessing of Dynamic Time-Space Service Network before Path Search

In the dynamic service network, there are many feasible paths between the start node and the end
node of RLPT demand. The problem of the RLPT path is the problem of searching multiple feasible
paths with greater timeliness and satisfying existing restrictions on the dynamic service network,
which is essentially the K shortest path problem in the shortest paths. The dynamic time-space
service network constructed by the method described in Section 3.1.1 has multiple start and end
nodes. However, in graph theory, the path search can only be carried out in a graph with unique
start and end nodes. If we search directly on the dynamic service network, we need to consider
combinations of different start and end nodes, which will increase the complexity of the search process.
A comparison between the initially constructed and processed dynamic time-space networks is shown
in Figure 2. Figure 2a contains 11 network nodes, where a1, a5, a3 and by, b, b3 represent stations 2 and
b, respectively, at different times. When calculating the path of freight flow from station a to station
b, considering the time attributes of stations, there will be three start nodes and three end nodes in
the network. The existing path search algorithms are not applicable to this network. As shown in
Figure 2b, this problem can be solved by creating a virtual start arc (VSA) and virtual end arc (VEA)
at both ends, with a unique virtual start node (VSN) and virtual end node (VEN). The dotted lines
are virtual arcs at both ends, so that the whole network is a closed network with unique VSN and
VEN. The specific operation methods are as follows: In the initial network, VSN o’ and VEN d’ with
unique attribute identification are created. Since it is impossible to obtain the time when goods are
delivered to the sending station, the time attribute of both can be set to 0. The attribute values of VSN
and VSN are shown in Table 5. We need to screen the network nodes that correspond to the sending
station and consider the TRA that is passing through the particular station. If the train departure time
corresponding to the node is later than the arrival time of the goods and the stop time of the train
meets the loading operation time of the goods, then the node is connected with VSN o’ to form a VSA.
Similarly, the VEA connected with VEN d’ can be constructed. The properties of virtual arcs at both
ends are shown in Table 6. In path search, starting from 0" and ending from d’, we can search feasible
paths for demand in dynamic time-space service networks with only start and end nodes. We set the
arc weight of both virtual arcs to 0.
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(b)

Figure 2. Comparison between (a) initially constructed dynamic time-space network and (b) dynamic
time—space service network with virtual arcs at both ends.

Table 5. Attribute values for virtual start node (VSN) and virtual end node (VEN).

Virtual Node Node_Id Train_Code Station Time
VSN N (total number of “0000” VirtualStartStation 0
network nodes) + 1
VEN N (total number of “0000” VirtualEndStation 0
network nodes) + 2
Table 6. Attribute values of virtual start arc (VSA) and virtual end arc (VEA).
Virtual Arc Arc_Id Type Train_Code Start_Node End_Node Weight
VSA -1 3 “0000” SN aj or ap or as 0
VEA -2 3 “0000” by or by or b VEN 0

3.1.4. Feasible Path Set Generation Based on Improved A* Algorithm

According to the structure of the dynamic time-space service network and the specific requirements
of RLPT organizations, we can solve the K shortest path problem of RLPT by improving the A* algorithm.
The existing K shortest path solving methods include double-sweep, A* algorithm, and deviation
path algorithm [50,51]. The double-sweep algorithm has advantages in solving the path. However,
obtaining path data requires reverse search, which is complex and difficult to understand [52]. In
addition, compared with the double-sweep algorithm, the A* algorithm is easier to operate and has
higher solution efficiency [53-55]. Therefore, the A* algorithm is used to solve the K shortest path in
this study. The evaluation function of the A* algorithm is f(1n) = g(n) + h(n), where g(n) is the actual
cost from the initial node to the network node 7 in the state space, and h(n) is the estimated cost of
the optimal path from network node n to target node. The values of g(n) and /(1) will change with
the change of A* algorithm execution time, but the shortest distance between two nodes is fixed and
invariant, reflecting the property of local symmetry. The flowchart of the path search algorithm is
shown in Figure 3, and the specific solving steps are as follows:
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Figure 3. Flowchart of K shortest path search algorithm under dynamic time—space service network
based on A* algorithm.

Step 1: Obtain basic dictionaries, such as passenger train schedule, station information, train
information, demand set D, etc. Determine the basic parameters, such as minimum loading and
unloading operation time and minimum transit operation time of each RLPT handling station, and
maximum transit number of paths. According to the basic dictionary and basic parameters, construct
the dynamic time-space service network of RLPT.
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Step 2: Traverse OD demand set D, and define a single OD demand as d(d € D); one path to d is
d¥, and the set of K shortest paths of d is ak (dk e dk,dX e @).

Step 3: Determine whether the element in set D has completed traversal. If the set traversal is
complete, go to Step 13. Otherwise, according to the origin and destination information of demand
d, create VSN o’ and VEN d’, then construct the virtual arcs at both ends based on the loading and
unloading operation time requirements of each station and demand information to complete the
network preprocessing of path search of demand d.

Step 4: Reverse arcs in service networks, take d” as the source node, use the Dijkstra algorithm to
solve the shortest distance from d’ to all nodes, that is, to find the (1) value of all nodes.

Step 5: Judge whether or not the /(1) value of o’ exists. If it does not exist, go to Step 2. Otherwise,
go to Step 6.

Step 6: Create new minimum binary heap set Open (nodes in Open set are sorted by f (1) value),
insert o’ into the Open set. The node in Open is the node through which the shortest path may pass.

Step 7: Determine whether the Open set is empty or the /(1) value of the team head node of the
Open set does not exist. If yes, output the feasible path set d of demand d, go to Step 2. Otherwise, go
to Step 8.

Step 8: Delete the node with the smallest f(1) value in the Open set and mark it p. Determine if p
is d’. If yes, find a path d* of demand d, return to the path, and go to Step 9. Otherwise, judge whether
set N of nodes connected with node p by arc is empty. If yes, go to Step 7; otherwise, go to Step 12.

Step 9: Determine if d* exceeds the limitation of maximum transfer times. If yes, abandon d* and
go to Step 7; otherwise, go to Step 10.

Step 10: Judge whether d* exceeds the limitation of timeliness. If yes, abandon d¥ and go to Step 7;
otherwise, go to Step 11.

Step 11: Determine whether the number of 4" deleted in the set Open exceeds the maximum
number of paths. If yes, output the feasible path set X of demand d, and go to Step 2. Otherwise,
dX = dX U d* and go to Step 7.

Step 12: Traverse node 7 in set N and define p as the parent node of node 7. If there is no node 7 in
the Open set, calculate the f(n) value of n and insert it into the Open set. If node 7 exists in the Open
set and copy node n is n’, calculate the f(1) value of n’ and insert it into the Open set. Go to Step 7.

Step 13: When the traversal of demand set D is completed, feasible paths of all demands have
been found and the algorithm ends.

Through the path search algorithm mentioned above, the path set of all demands can be generated.
Our proposed RLPTS formulation model is based on the feasible path set of demand, avoiding
the allocation of goods flow on the infeasible path. The model aims to maximize the revenue of
transportation enterprises and concentrates on the situation where the transportation demand cannot
be satisfied due to the limited path capacity and insufficient luggage vehicle capacity. By solving the
model, the flow allocated on each path can be obtained.

3.2. Flow Distribution Model Based on Feasible Path

3.2.1. Assumptions and Parameter Descriptions

Specifically, the decision variables are set up to provide convenience in obtaining the distribution
scheme of cargo flows. The decision variables count the transport volume of goods assigned to each
path. In this manner, the distribution scheme of cargo flows is obtained.

Without the loss of generality, this study further makes the following assumptions:

1. Theoretically, the loading capacity of the train is limited by its own capacity, volume, and weight
of goods. To simplify the solution, only the effect of weight on the train’s loading capacity is
considered in the model.

2. Without considering the restriction of mixed cargo loading, we studied the formulation of RLPTS
from the perspective of system optimization.
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3. Assuming that RLPT handling station has no limitation on capacity, it can meet the requirements
of large quantities of stacked goods.

Regardless of the specific composition of each demand, we consider demand as objects that can
be split arbitrarily by weight and transported by multiple transportation paths.
The parameter and decision variable definitions of the model are as follows:

Parameter Description
D OD set of cargo flows, d € D
A Set of service arcs,a € A
dr kth (k = 1,2,...) path of demand d
ak Set of K shortest paths of demand d, dk e gk
[ox Cost of demand d transported by path ¥, yuan/kg
X4 Demand d for volume be transported through path d
T4 Freight of demand d, yuan/t
Xk Demand d for volume to be transported through path dr
T Cost per kilogram of cargo loaded and unloaded, yuan/kg
p Penalty charges for unmet demands, yuan/kg
ygk If arc a is selected by path d¥, the value is 1; otherwise, 0
Ca Transportation capacity of arc a
Cgk Transportation capacity of path dr

3.2.2. Objection Function

The model focuses on the objective function of maximum total profit of the transportation
enterprise in order to meet customers” demand to the greatest extent. Total profit is the difference
between total revenue and total cost. Total revenue comes from completing the transport of goods.
Total cost mainly includes transportation and time costs. The time cost of goods describes the timeliness
of door-to-door transport. The lower the timeliness, the higher the time cost. Therefore, a model with
maximum total profit can ensure priority distribution of goods to the path with high timeliness and
ensure the timeliness of door-to-door transportation. The model objective function is as follows:

Maxz:z Z[xdk~(rd—wdk—21)]—z xd—Zxdk p (1)

deD gkedk deD dkedK

3.2.3. Constraint Conditions

RLPTS is mainly influenced by railway passenger train transport schemes. It is also affected by
the total demand of luggage and packages, the loading capacity of luggage vehicles, and the transport
capacity of the path. The specific constraints are as follows:

The transport capacity of each path in the RLPT service network is limited, and the demand may
require multiple paths to transport. Moreover, due to capacity constraints, some of the demand may
not be transported. Therefore, the flow volume of demand to be transported is less than or equal to the
total demand:

Z Xy <xz Vd € D,dt e d¥ @)
dredk

The maximum loading capacity of a train is the sum of the loading capacity of all luggage and
package vehicles on the train. Because the train can be loaded and unloaded at each stop station, it
can carry goods in different sections. Therefore, the total demand for goods transported in the same
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section should not exceed the maximum loading capacity of the vehicle. That is to say, any TRA in the
service network must comply with the following formula:

Z Z(xdk-ygk)§ca Vae A 3)
deD drkedk
The meaning of the decision variable is the traffic volume allocated to each path, with the minimum
being 0 and the maximum not exceeding the transport capacity of the path, namely,

0<xu<cy VdeD,d" edf @)

3.2.4. Evaluation Indices

The result of traffic volume allocation is the traffic volume allocated on each feasible path and can
be evaluated by the following indicators:

e Average transit times (ATT)

In this paper, the average transit time of demand is used to describe the transit times of a demand.
If demand d is transported by n feasible paths, the completed traffic volume is dyys; (dgota1 < X4), the
traffic volume on each path is d,d», ds3, ..., d,, and the transit time of each path is my, my, m3, ..., my.
The ATT dagerage of demand d is

n d
davemge = Z = 5)
i=1

i
dfaml

If the RLPT service network completes the transportation of n demand, the ATT Dygerqge of all
demands in the transportation is
n dﬂ

average
D T e
average Z n (6)
i=1
The closer ATT is to 0, the more the goods tend to be transported by direct mode, which indicates
that the flow distribution is better.

e Train capacity utilization ratio (TCUR)

The TCUR reflects the utilization situation of passenger train luggage vehicle capacity. Using
statistics of the utilization ratio of train capacity is beneficial to analyze the bottleneck of restricting
RLPT. Supposing the train passes through sections sy, sy, 3, . .., s, in sequence, the distance of each
sectionis I1,1,13,...,1,, the goods loaded on each section is ki, ko, k3, . .., ky, and the carrying capacity
of the train is ¢y, then the formula for calculating the TCUR is as follows:

- Lk
Utrain = Z - a1 (7)

n
J=1 Ctrain - Z li
i=1

e Transfer volume of transfer station

The daily transit volume completed by the transit station reflects the daily transit operation of
the station. Assume that the paths pass through transfer station T with AL AZ A3, .. A", the traffic
volume on each path is A1, A, A3, ..., A,. Then the transfer volume T of transfer station T is

Ty = i A (8)
i=1
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If the result produced by flow distribution is more in line with the actual transfer volume
undertaken by the transfer station, it indicates that the flow distribution is working well.

4. Empirical Studies

Visual Studio 2019 software (C#) was used to design the search path algorithm and Cplex solver
(C# programming language) was used to solve the flow distribution model. It is a linear programming
model that is efficient for use in a dynamic time-space service network of any size. Concretely, the
traffic assignment of cargo flows is a combinatorial optimization problem. Given that the problem
includes trains and demand, its scale is related to the quantity of demand (denoted by d), the number
of trains (denoted by f), and the maximum value of k. The problem has in general (d*) variables and
(d + t + d) constraints, and the global optimal solution was obtained within 180 min in this study (path
search took 165 min and model solving took 15 min).

4.1. Related Parameter Values

The model and algorithm were verified with the actual operation data of RLPT and the train
schedule was provided by CRE in March 2018. There are 12,471 daily OD demands, 415 RLPT handling
stations, and 130 transfer stations, while 1880 passenger trains are equipped with luggage wagons.
Based on train schedules and station information, a dynamic time-space service network of RLPT with
44,122 time-space nodes and 399,548 time—space arcs was constructed.

4.1.1. Parameter Values in Path Search Algorithm

The actual operation data of CRE in 2018 were used to set various parameters in the algorithm.
Assuming that loading and unloading conditions at each station are the same, minimum loading and
unloading operation time is 2 min, minimum transit operation time is 5 h, and loading and unloading
capacity and transit capacity of goods are both 300 kg/min. One luggage vehicle is arranged in each
passenger train group. The carrying capacity of the vehicle is 12 t which considers that small goods
will be tossed around lightly. Path search is carried out based on train running time as weight, in order
to limit the search breadth and depth of the algorithm; it is necessary to find up to 10 feasible paths for
each demand, and each path has a maximum of two transfers.

4.1.2. Freight Rates and Costs in the Model

1. Transport price r4 for every OD

According to the actual operation data of CRE in 2018, the start station code, end station code,
batch, number, weight, unit transport price, and time limit of different demands are shown in Table 7
(data on partial transportation demands).

Table 7. Start station code, end station code, batch, number, weight, time limit, and unit transport price
(ry) of different demands.

Start Station End Station Batch Number Weight Unit Transport Price Time Limit
Code Code (kg) (kg/yuan) (day)
0902 0102 5 6 21 2.19 2
0904 1201 1 3 21 5.20 1
1203 3226 3 3 21 2.81 3
1001 3341 2 1 21 2.63 2
4719 3348 4 1 21 0.98 2
0901 9887 25 772 10,480 3.69 2
1201 9887 28 1588 18,699 1.57 2
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2. Transport cost wy and loading or unloading operation cost 7 of every path d

According to the Freight Rates Management Department of the China Railway General Corporation,
the loading or unloading operation cost 7 (yuan/kg) is 2, the transport cost w of the path includes a
locomotive traction fee ¢ 4, transfer operation fee 4, and transportation time cost (), as follows:

e Locomotive traction fee ¢

This is the cost incurred by the locomotive acting as the carrier of luggage for the traction
train. The cost of locomotive traction for one kilometer per kilogram of luggage is called the unit
locomotive traction fee, which is yuan/(kg*km). We define f; as the unit locomotive traction fee when
the locomotive acts as arc a, and if /, is the distance of arc a, then the locomotive traction fee of path dk
can be expressed as

¢dk = Zfa'la (9)

aedk

e Transfer operation fee 1)

This is the cost incurred by the transfer operation. The transfer operation fee of demand is
defined as the cost incurred by one transfer operation per kilogram of goods, in yuan/kg. The transit
operation fee of path d¥ is related to the number of transit operations and the unit transit operation fee
of goods. We define y and 04 as the unit transit cost of goods and the number of transit times of route
b, respectively. Then the transfer operation fee of path d* can be expressed as

Vg = 1Oy (10)
e Transportation time cost ()
Assuming that the transportation time of path d is T4, we define V as the time cost calculation
coefficient, in yuan/(min*kg). The transportation time cost Q4 of path d¥ is
Qdk =V Tdk (11)
Then the formula for calculating the cost of path d¥ is as follows:
W = O+ Vg + O = Y farla+ - O+ V Ty (12)
aedk

According to the actual operation data of CRE in 2018, the average locomotive traction fee f;, the
average unit transit cost y, and the time cost calculation coefficient V were determined to be 0.05, 0.5,
and 0.004, respectively.

3. Penalty charges p for unmet demands

Customers hope their goods will arrive at the station within the specified time range (time
limit: Tjprive/min). When the transportation time (Ts/min) exceeds the expected arrival time, it can
be considered that this OD demand has not been met, and the railway department must reduce the
transportation cost to some extent. We define &; and p as penalty coefficient of unit goods exceeding
expected arrival time and penalty cost per unit goods (yuan/ton), respectively; then the required time
penalty cost can be expressed as

p= { 0 (Ts - Tarrive) >0 (13)

éleS - Tarrivel (TS - Trzrrive) <0

Based on research of the penalty coefficient of RLPT by Zheng (2012), the average penalty
coefficient &; is determined to be 1.2.
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4.2. Results and Discussion

Under the dynamic time-space service network, the total number of demand paths that can be
solved by the A* algorithm is 117,227. The RLPTS of partial demands, transfer volume of transfer
stations and train capacity utilization ratio are shown in Tables 8-10, respectively. (Tables 8-10 in the
Supplementary Materials are the complete data calculated.)

Table 8. The RLPTS of partial demands.

Demand ID Start Station Name End Station Name RLPTS
1 Changsha Qigihaer (Changsha, 00T124A7,ShenyangBei)(ShenyangBei,0K1082A4,Qigihaer *)
1 Changsha Qigihaer (Changsha,00T124A8 ShenyangBei)(ShenyangBei,0K1082A4,Qiqihaer *)
1 Changsha Qigihaer (Changsha,00T124A7,ShenyangBei)(ShenyangBei,0K1082A5,Qiqihaer *)
1 Changsha Qigihaer (Changsha,00T124A8,Zhangchun *)(Zhangchun,0K1082A5,Qiqihaer *)
1 Changsha Qigihaer (Changsha,000T14A5,ShenyangBei *)(ShenyangBei,0K1082A4,Qiqihaer *)
1 Changsha Qigihaer (Changsha,00T254A0, Tianjin *)(Tianjin,0K1082A4,Qiqihaer *)
1 Changsha Qigihaer (Changsha,000T14A5,ShenyangBei *)(ShenyangBei,0K1082A5,Qiqihaer *)
1 Changsha Qigihaer (Changsha,00T254A0, Tianjin *)(Tianjin,0K1082A5,Qigihaer *)
1 Changsha Qigihaer (Changsha,000Z14A0,ShenyangBei *)(ShenyangBei,0K1082A4,Qiqihaer *)
1 Changsha Qigihaer (Changsha,000Z14A0,ShenyangBei *)(ShenyangBei,0K1082A5,Qiqihaer *)
2 Botou Qigihaer (Botou,0K1450A2,ShenyangBei)(ShenyangBei,00K546A3,Qigihaer *)
2 Botou Qigihaer (Botou,0K1450A1, Tianjin)(Tianjin,00K546A3,Qigihaer *)
2 Botou Qigihaer (Botou,00K956 A2, Tianjin)(Tianjin,00K546A3,Qigihaer *)
2 Botou Qigihaer (Botou,001450A0, Tianjin)(Tianjin,00K546A3,Qiqgihaer *)
2 Botou Qigihaer (Botou,001450A0, Zhangchun)(Zhangchun,0K1082A4,Qigihaer *)
2 Botou Qigihaer (Botou,001450A0, Zhangchun)(Zhangchun,0K1082A5,Qigihaer *)
2 Botou Qigihaer (Botou,00K956 A3, Tianjin)(Tianjin,0K1082A4,Qigihaer *)
2 Botou Qigihaer (Botou,0K1450A1, Tianjin)(Tianjin,0K1082A4,Qigihaer *)
2 Botou Qigihaer (Botou,00K956A2, Tianjin)(Tianjin,0K1082A5,Qigihaer *)
2 Botou Qigihaer (Botou,00K956 A3, Tianjin)(Tianjin,0K1082A5,Qigihaer *)

Notes: * represent that the station is departure station or end station of the train.

Table 9. Transfer volume of transfer stations.

Station Name

Transit Volume (kg)

Haerbinxi
Qiqihaer
Zhangchun

Shenyangbei

Shenyang
Jilin
Jinzhou
Beijingxi
Beijing
Tianjin

Shijiazhuang

860
3097
28,214
20,662
14,015
3424
31,063
1270
6412
47,654
23,874

Table 10. Train capacity utilization ratio.

Train Code Utilization Rate (%)
0000K5A0 0.11
0000T1A0 0.01
0000T2A0 0.04
0000T7A0 0.03
0000T8A0 0.12
0000T9A2 0.05
0000Z1A0 0.04
0000Z2A0 0.27
0000Z3A0 0.66
0000Z3A1 0.53

The numbers of direct paths (DPs), one transit paths (OTPs), and two transit paths (TTPs) are

shown in Figure 4.
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Figure 4. Numbers of different types of paths. DP, direct path; OTP, one transit path; TTP, two
transit path.

The ATT calculated by the model is 0.608; the closer ATT is to 0, the more the goods tend to be
transported by direct mode, indicating that the result of flow distribution is better. Compared with the
values of 1.029 and 2 of Zu (2009) and Zheng (2012), it is greatly improved. The proportions of traffic
volume through DP, OTP, and TTP are shown in Figure 5. It indicates that most of the demands can
be completed through the generated DP and OTP, which realizes well the basic principles of RLPT
organization with less transit as far as possible, and the validity of the model is proved.

Proportion of traffic volume (%)

uDP = OTP mTTP

Figure 5. Proportion of traffic volume through different types of paths.

The results show that 97.6% of the transportation demand is completed, which can basically meet
the current RLPT demand. Unshipped demand is concentrated in Xuzhou, Guiyang, Tianjin, Lanzhou,
Beijing West, and other stations, mainly because the demand for transportation or transition at these
stations is high, and the capacity of trains passing through the stations is insufficient, which is basically
in line with the actual situation.

The transfer capacity of some transfer stations is shown in Figure 6. Zhengzhou, Xuzhou, Xi ‘an,
Wuchang, and other stations have undertaken a large number of transfer operations, which is due to
an excessive number of transit trains passing through these stations.
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Figure 6. Transfer capacity of some transfer stations.

A total of 1880 trains is involved in RLPT, and the numbers of trains with different TCURs is
shown in Figure 7. Overall, TCUR is still considered to be at a low level. It shows that the railway
department has provided sufficient transport capacity for RLPT to meet the current market demand.
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Figure 7. Numbers of trains with different train capacity utilization ratios (TCURs).

Take Harbin West-Shanghai, with a demand volume of 3409 kg, as an example to verify and
illustrate the two-stage RLPTS formulation method proposed in this paper. Referring to the actual
operation data of CR-SF, the average delivery time for S.F. Express in the same city is 2 h. Considering
that the delivery time of goods to consignees should not be too late, it is stipulated that goods arriving
after 21:00 will be postponed to the next day, and the delivery time will start at 08:00 every day. The flow
distribution results are shown in Table 11. As can be seen, the timeliness of path 1 is the highest; in the
case of meeting capacity, the flow distribution model considering time cost will give flow distribution

priority to path 1 with higher timeliness, which can avoid flow allocation issues on the unfeasible path
and verifies the validity of the model.
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Table 11. Harbin West-Shanghai traffic volume distribution results.

Path Sent Train Transfer Arrival Time Customer Door-to-Door Volume
Time Code Station Receipt Time Timeliness (kg)
1 00:51 7174 — 00:49 (2nd day) 14:49 (2nd day) 27 h, 58 min 3409
2 00:51 7174 K292 Suzhou 05:34 (3rd day) 10:00 (3rd day) 47 h, 6 min 0
3 00:51 Z174 K378 Suzhou 05:24 (3rd day) 10:00 (3rd day) 47 h, 6 min 0

The timeliness comparison of paths calculated by the model and algorithm and related products of
S.E. Express are shown in Figure 8. It can be seen that the transportation timeliness of path 1 undertaking
flow is better than that of S.F. Express, which verifies the accuracy of the model and algorithm.

Special Express [ 5
Standard Express A 33
path3 A 171
path2 (Y ;7.1
path1 T 27 .97

0 20 40 60

Time consuming (h)

Figure 8. Timeliness comparison of paths calculated by model and algorithm and related products of
S.E. Express.

4.3. Result Comparison

2

This paper further verifies the algorithm’s superiority and takes the RLPTS of “Beijing-Guangzhou”
as an example to compare the RLPTS generated here with the RLPTS currently used by CRE. The
contrast of the two plans is shown in Table 12.

Table 12. Contrast of two RLPTS.

RLPTS in This Paper RLPTS Currently Used
Train Transfer Cost Time Train Transfer Cost Time
Number Station (yuan) (min) Number Station (yuan) (min)
712 - 3281.06 1313 T15 - 3210.06 1326
T12 - 2659.87 1320 T29 - 2541.27 1348
2251, K93 Chengde 2226.74 1724 T1, K93 Changsha 2353.09 1885
K48, 712 Tianjin 977.46 1933 K17, T25  Zhengzhou 1401.73 2013

As seen by the contrast in Table 12, the RLPTS generated in this paper gives two through paths
and two paths with one transfer. The transfer frequency of this plan equals that of the RLPTS currently
used, but with less time consumption and lower general cost. Therefore, the RLPTS in this paper is
feasible, and better than the RLPTS currently used from the perspective of time and cost.

5. Conclusions

In this paper, we analyzed the characteristics of RLPT demand and defined the guiding ideology
of RLPTS formulation with timeliness as the core. Based on its characteristics, we gave a formulation
idea of a two-stage method of RLPTS. That is, we decomposed the RLPTS formulation problem into
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subproblems, one of which was the construction of a dynamic time-space service network based
on passenger train schedules and demand information. Then, based on the time-space network, an
improved A* algorithm was used to search feasible paths of RLPT. The other subproblem involved
building a flow distribution model by considering the constraints of path capacity, capacity of luggage
vehicles, and transport timeliness. The main innovation points of the algorithm and model proposed in
this paper were as follows: (1) based on passenger schedules and demand information, we constructed
a dynamic time—space service network of RLPT; (2) the initial constructed time—space network was
processed into a closed time—space network at both ends, and the A* algorithm adapted to the network
was adopted to generate a feasible path set of all transportation demands; and (3) considering the
relevant important constraints, a flow distribution model was constructed. According to the solution
results of the model, ATT, TCUR, and the transfer volume of transfer station were calculated. In the
end, the RLPTS for all transportation demands was obtained, and the current resource utilization
situation and development bottleneck of RLPT were analyzed.

The numerical studies demonstrated the following: (1) the ATT of feasible paths calculated by
our proposed algorithm was close to 0, which is in line with the basic principle of minimizing transit
for RLPT, that is, demand tends to be transported by direct paths; and (2) the RLPTS solved by the
model can basically meet the current demand. In addition, it can be seen from the calculated TCUR
and transit volume of transfer stations that the current RLPT capacity is larger than current demand
for transportation, and some transfer stations have large cargo flow pressure, which can be improved
through construction of related infrastructure.

Compared with the problems that exist in the current RLPTS formulation method, we demonstrated
ways to resolve the issues with a two-stage method, which can reduce the difficulty of solving the
problem and improve the efficiency of the scheme formulation. At the same time, the two-stage
method can adapt to any dynamic changes in demand, ensure the timeliness of transportation, avoid
the allocation of flow on unfeasible paths, and also consider the formulation of schemes from the
perspective of global optimization, which is suitable for solving large-scale time-space network
problems. Last but not least, the numerical studies demonstrate that this method can accomplish
the entire road with the help of RLPTS within a short period of time and verifies the feasibility and
effectiveness of the model and algorithm.

Although the model and algorithm proposed in this paper are highly efficient under certain
assumptions, they do not consider the impact of the volume of goods, which to some extent leads
to the limitation of problem solving. Future research will consider the volume and weight of cargo
comprehensively and optimize the model and algorithm from the perspective of practical application.
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CRE China Railway Express

RLPTS railway luggage and package transport scheme
RLPT railway luggage and package transportation
TRA train running arc

DA delay arc

TA transit arc

VSN virtual start node

VEN virtual end node

VSA virtual start arc

VEA virtual end arc

ATT average transit time

TCUR train capacity utilization ratio
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Abstract: Sustainable engineering practices always provide an opportunity for engineers to produce
long-term solutions. In the fields of construction and irrigation, soil bed formation symmetry is very
important, especially in the case of its behavior with reference to water runoff, whether natural or
artificial. In this study, different soil bed formations were tested with the help of advanced hydrology
apparatus under severe rainfall conditions. A major focus was to observe the water retention and
volume discharge with reference to soil combinations and slope level change. Furthermore, an
advanced decision-making technique incorporating artificial neural networks (ANNs) was used to
predict and explore the interrelationship behavior of different parameters. It was observed that ST-1
(100% clay) performed well as it tried to retain a large quantity of water (7.28 L/min), making it
suitable for irrigation, while ST-2 (100% sand) performed better for structures, as sand tries to quickly
drain water, thus retaining less water (0.16 L/min). Change of slope was also another factor; at a
3% slope level along with 100% clay, water resistance was higher as compared to sand. Soil type-3
(ST-3) helped in the retention of water even at a 3% soil bed slope. This study will help engineers and
designers in the optimization of soil bed formation for construction and irrigation purposes.

Keywords: Sustainability; Rainfall; Runoff; Soil; Advance Hydrology Apparatus; Symmetry

1. Introduction

A rainfall hydrological system is a significant apparatus used for the study of soil erosion, surface
runoff, sediment transport, and infiltration, and it also permits generating the rainfall runoff process
with replication under precise circumstances [1]. This hydrological apparatus simulates the rainfall
generation at recognized intensity and soil depth in a precise way. During the development of structures,
soil bed symmetry is very important, as behaviour changes with the abrupt change in formation of soil
layers. Similarly, in the field of irrigation, soil bed performs with the transport of water, that effects the
supply of proper water quantity to certain crops. Symmetry in soil combination helps in proper supply
of water without wastage or absorption. In developing countries, where agriculture dominates the
economy, an additional burden is exerted on land and water resources with the increase in population,
leading to water utilization problems. Thus, under such multifaceted water resource conditions, these
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kinds of field experiments are very beneficial. Using a rainfall simulator to determine rainfall runoff
backup, the main goal is to match the runoff produced using the rainfall apparatus with natural
storms [2]. Around the world, researchers focused on points regarding comparative results of surface
fraction and subsurface runoff. There are two difficulties when linking runoff facilities from natural
and virtual rainstorms; the first is scaling the results up from a minor simulator to a watershed/basin,
and the second is regenerating the kinetic energy of a specific storm with the hydrologic apparatus.
Duplicating the natural intensity of rainfall and rainfall duration with a simulator represents the finest
method to regenerate the kinetic energy of natural storms. Thus, for this purpose, there is a need
for previous hydrological data to select the necessary parameters of rainfall duration and intensity.
Our main focus here is to discuss rainfall runoff with reference to soil bed variation, which plays an
essential role in daily life and engineering design parameters. Different kinds of models, i.e., black
box, physical-based, and ANNSs (artificial neural networks), were used to model difficult hydrological
operations, including rainfall runoff [3,4] and the precipitation-runoff relationship [5]. However, due to
difficulties and spatiotemporal variation, some of the models can accurately determine these operations.
In the last few years, a very popular model used to solve these complex nonlinear operations was the
artificial neural networks (ANN). ANN models have the ability to explore different relationships such
as the rainfall runoff process [2], precipitation totals, average runoff and temperature relationships [5],
river flow and rainfall [6], humidity, wind, vorticity, air temperature, and precipitable water [7],
streamflow forecasting [8], discharge and rainfall [9], catchment area and precipitation [10], peak
discharge and rainfall pattern [11], runoff and rainfall [12], precipitation, air temperature, snowmelt
equivalent, stream discharge, soil characteristics, and groundwater characteristics [13], and flow, dry
and wet season rainfall, and change of basin [14]. ANNSs have the ability to develop the relationship
between inputs and outputs without knowing a priori knowledge under study. In hydrology, the major
research challenge is to produce models which have the ability to simulate catchments; thus, these
models are used for future forecasting of river discharge, which is compulsory for secure hydraulic
and hydrological engineering design and water management.

The utilization of ANNSs provided the addition of new applications to model these systems. They
were implemented as a prosperous method to solve different problems related to water resource
engineering. Climate change, the evapotranspiration process, river flow forecasting, reservoir inflow
modeling, groundwater quality prediction, and simulation of rainfall runoff events are some applications
involving water resources where ANNSs were utilized [14], including pattern-learning, daily, weekly,
and monthly sediment yield [15], forecasting daily stream flows [16], and the rainfall and water level of
rivers [17]. Complex watershed rainfall processes which are non-linear and dynamic in nature [6,8] and
unit hydrograph derivations can also be solved using ANN models. Flood forecasting for two floods
disposed to catchments was studied using hourly hydrometric statistics in England [18]. For daily flow
modeling during monsoons in Pakistan and different countries, daily rainfall data were used as input in
ANN:Ss [9]. Although there are other techniques similar to ANNS, such as statistics, artificial intelligence,
machine learning, data mining, etc. [10], ANN models were applied for rainfall forecasting [7] and
provided better results as compared to multiple linear regression modeling (MLR) [12]. Furthermore,
neuro-fuzzy and regression models were also used, and their comparison for the forecast of outflow of
an on-farm reservoir was studied [19]. Artificial neural network (ANN) and fuzzy logic (FL) models
were applied for predicting event-based rainfall runoff [20]. The finite element method (FEM) and
an artificial neural network (ANN) model were developed to simulate water flow through dams [21].
The ANN technique was applied to model watershed runoff in three basins with different climatic and
physiographic characteristics [22]. During comparative analysis, ANNs were found to be superior for
water-related research. For river watersheds, monthly streamflow was also forecasted using ANNs [22].
In Maryland, an ANN model was developed to estimate daily runoff for daily snowmelt, temperature,
and precipitation for a watershed [13]. One of the main research aims is to develop a model showing
the accuracy of the results. Such models can measure the river discharge variation with time, which is
needed for hydrologic and hydraulic engineering design and water resource management. The main
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focus of this study was to perform laboratory trials for the development of rainfall runoff data with the
advanced hydrologic system. Then, for the confirmation of predicted data, modeling was done for the
evaluation of observed runoff data using an ANN.

In this study, the change in soil bed symmetry with respect to changes in slope is to be tested
under severe runoff conditions, to analyze the behaviour of different soil combinations and their
symmetry under heavy rainfall. Furthermore, an ANN model was used following training and testing
of the networks using data collected with different characteristics of soil, slope, and rainfall intensity.
The predictive capability of the network performance and the calibration of data were examined using
various training and validation datasets. The focus of the study was the selection and performance of
soil beds under heavy rainfall for construction and irrigation purposes.

2. Materials and Methods
2.1. Advanced Hydrology Apparatus

Runoff analysis was performed on the advanced hydrology apparatus shown in Figure 1. This
apparatus is very useful for hydraulic studies, such as the abstraction of wells, rainfall runoff, and
the development of river characteristics. This apparatus gives realistic approachable results in the
laboratory with no special requirements. This system is well designed for studying the hydrological
cycle in terms of rainfall with respect to geography, as well as the runoff process for wells.

Figure 1. Rainfall simulator—advanced hydrology apparatus.

2.2. Flume

A flat veneer of a steady rectangular sampler was used with a width of 1 m and a length of 2 m.
It also contained an adjustable slope ranging from 0% to 5%. The flume was filled with different soils
(sand, clay, etc.) with different ratios as shown in Figure 2. The runoff calculation device was attached
along with a timer device to perform time-variant analysis.

2.3. Rainfall Intensity Pattern

Rainfall was tested with different intensities on different slopes. Heavy rainfall profiles were used
to test the soil behavior under the worst/severe conditions of rainfall, selecting soil combinations for
the construction of structures like buildings and barrages. The patterns are given below in Table 1.

Table 1. Rainfall intensity patterns.

Slopes Rainfall Intensities (mm/min)
0% 12
1% 12.5
2% 13
3% 13.5
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4 r N

Figure 2. Schematic of advanced hydrology apparatus [23]: 1—experiment tank; 2—chamber;
3—display and control elements; 4—flow meter (supply); 5—pump; 6—storage tank; 7—measuring
tank (drain); 8—chamber; 9—well; 10—tube manometers; 11—nozzles of the precipitation device.

2.4. Slope Variation

The tests were performed on different slopes of 0%, 1%, 2%, and 3% for observing the varied
behavior of rainfall on the soils. Slopes were used as shown in Table 1, as it is rare to encounter level
ground in real situations. Sometimes, the ground has to be leveled before construction, and it is not
possible to change the slope.

2.5. Soil Properties and Bed Formation Variation

In this process, different soils were used with various contents as shown in Table 2. Two mediums
are usually used or found naturally in the ground, i.e., clay and sand, whereby sand acts as a stabilizer
for natural weak clay/soils [24,25]. Sometimes a mix of these can be used for the construction of
structures. Combinations of soil types along with the properties selected for analysis are shown in
Table 2. Soil properties included maximum dry density (MDD), optimum moisture content (OMC), soil
pattern based on the American Association of State Highway and Transportation Officials (AASHTO),
soil category based on the Unified Soil Classification System (USCS), and Atterberg’s limits, including
plastic limit (PL), liquid limit (LL), and plasticity Index (PI).

Table 2. Soil properties and bed profile pattern.

MDD OMC Soil Category

Soil Types Soil Combination LL PL PI
(pcf) (%) AASHTO USCS
ST1 Clay (100%) 1222 1210 A-7-6 CL 30 1824  11.76
ST2 Sand (100%) 108.3 14.35 A-3 SP 17 0 0
ST3 Clay/sand (50%/50%) 133.97 9.20 A-4 ML 22 0 0
ST4 Clay/sand (70%/30%) 13441  7.44 A-4 CL 2385 1538 847
ST5 Clay/sand (80%/20%)  134.39  12.01 A-4 CL 24 1623  7.77

Note: (errors and omissions excepted), Abbreviations: maximum dry density (MDD), optimum moisture content
(OMC), (American Association of State Highway and Transportation Officials (AASHTO) These all are categories:
A-7-6, A-3, A-4, (Unified Soil Classification System (USCS) category: CL-Clay of Low plasticity, SP-Poorly graded
Sand, ML-Micaceous/Silt of Low plasticity), plastic limit (PL), liquid limit (LL), and plasticity index (PI).

2.6. Flood Timing Pattern

Flooding happens in floodplains where rainfall over occurs over a few days or more, or where
severe rainfall occurs for a short time period of time, in addition to other factors such as river overflow.
Here, flood prediction and modeling referred to the progression of rainfall using a flood hydrograph
and the translation of that hydrograph into a hydrologic system. The relationship between rainfall
and runoff is a suitable approach for flood forecasting. For the flood forecasting, we obtained the
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hydrographic results shown in Figure 3 for our data with different soil variations and slope changes
(00/0, 10/0, 20/0, and 30/0).

Hydrograph for ST-1 (Clay 100%) Hydrograph for ST-2 (Sand 100%)
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Figure 3. Hydrographs of flooding behavior for (a) ST-1, (b) ST-2, (c) ST-3, (d) ST-4, and (e) ST-5 with
various slopes.

2.7. Artificial Neural Network (ANN)

In the research field, ANN is a statistical artificial intelligence technique used to correlate numerous
inputs and precise outputs for forecasting; this technique is appropriate for the analysis of runoff.
An ANN comprises the input layer, the hidden layer, and the output layer, as displayed in Figure 4.
For complex pattern problems, the number of hidden layers can be increased or decreased. Basically,
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ANN s are developed based on a minimum set of actual input and output statistics, resulting in a set
of coefficients (signified as weights wy and wy;) [2]. This process initially examines the inputs and
outputs for the best nonlinear connection. ANNs contain input (x;) linear functions worked upon by a
transfer function (a linear regression), represented in Equation (1), whereby each input contributes to
the hidden unit. Using Equations (1) and (2), we can mathematically describe the system [5,7,11,20].

m
ukzg[ijl WijXj + hkj]r (1)

vi= Q[Z;(Zl Wity + bk], 3]

where x1, xp, ... , Xy denote the input values, @ is a hyperbolic tangent type transfer function, wy1, w2,

., Wiy and wyq, wy, ..., wy are the coefficients of the network, hidden nodes are denoted by uy, uy, ...,
uy, b and by, are constants, similar to linear regression constants, and y; is the network output signal.
The final output of the system is determined based on the linear function within the hidden nodes as a
function of the constant shown in Equation (2) [2,14]. The data utilized for the development of the
ANN model are described in Table 3. The formation of the ANN is shown in Figure 4, developed using
various input variables (soil type, slope, rainfall intensity, and output discharge) and outputs (water
retention and volume observed).

Table 3. Data description of parameters.

Parameters Description Mean SD Minimum  Median Maximum
Water retention Water retained by soil 2.756 2.41 0.04 2.15 7.28
Volume Volume of water recovered in
Observed tank (L) 20.6 3.067 15 20.25 26.25

Soil combination
1—(100% clay),
. 2—(100% sand), B ) .
Soil types 3—(50% clay and 50% sand), ! 5
4—(70% clay and 30% sand),

5—(80% clay and 20% sand)

Rainfall intensity =~ Rainfall intensity (mm/min) 12.75 0.574 12 12.75 13.5
Bed slope (%) Level of soil bed change 15 1.147 0 15 3
Output discharge ~ Yoiume of water output 15744 3295 9.72 16.84 19.96

(L/min)

Figure 4. Artificial neural network: schematic illustration with a single hidden layer.
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During the calculation of outputs (water retention and volume observed), the weights of each
node were calculated using the complex mechanism of the ANN, the parametric estimates of which
are given in Table 4.

Table 4. Parametric estimates for runoff analysis with respect to soil formation.

Input Parameters Code H1_1 H1_2 H1_3 H1_4
Soil types 1 0.000407 —-0.8086 0.027309 0.22151
Soil types 2 —-0.42179 -0.83072 0.512097 —0.76482
Soil types 3 —0.00634 -0.56721 0.219779 —0.06265
Soil types 4 0.014552 —-0.96278 -0.24516 0.00394

Rainfall intensity - 0.030138 —-0.1482 0.973398 0.3635

Bed slope (%) 0 —-0.06142 —-0.05476 -0.77032 —0.24006
Bed slope (%) 1 —-0.24751 0.629756 0.572158 —0.34591
Bed slope (%) 2 —0.10904 —-0.14146 0.701974 0.149358

Output discharge - —-0.47532 —-0.04316 0.207968 —-0.05518

Intercept - 0.767819 1.601076 —-12.8997 —4.8644
Output Parameters Intercept H1.1 H1.2 H1_3 H1 4

Water retention 3.289303 —5.53419 3.365286 -1.03429 2.874236

Volume observed 20.98531 0.724728 —7.21353 5.411468 -1.7103

3. Results and Discussion

3.1. Application of Artificial Neural Network (ANN)

The ANN model for the water retention of the soils and the runoff discharge with reference to
changes in soil and bed slope evaluation was developed using JMP Pro. environment, version 13.
We collected 20 data points for runoff discharge using the advanced hydrology apparatus for heavy
rainfall intensity at various slopes and soil types. These data were considered for model development
using various input variables (soil type, slope, rainfall intensity, and output discharge), and the outputs
were water retention and volume observed. The database used for ANN model development is
specified in Table 4. For the progress of the ANN model, the observed data were used as follows: 80%
for training and 20% for validation. The behavior of the model during training, testing, and validating
is represented in Figure 3, which shows its ability to predict the required output. With regard to
the correlation coefficient value (R), a value close to 1 was achieved, showing that the model should
perform well. The training process of the ANN required minimum overall error for the two outputs of
the testing dataset. The validation sets were also used to confirm that the model performed suitably in
terms of predicting runoff.

3.2. Model Parameters

The ANN model was developed, and the results were analyzed according to the available
variables so as to test its prediction power and accuracy. The JMP Pro tool was used to analyze the
developed model. The two parameters under focus were the root-mean-squared error (RMSE), which
is the difference between the actual and the predicted value, and the difference in the coefficient of
determination (R?) [26,27], as given below in Equations (3) and (4), respectively.

N
RMSE = 4/ (% Z(nctual —predicted)z), 3)
n=1

SSE

RZ=1-22=,
SS,

*)
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where SSE is the sum of squared errors of prediction, and SSy, is the total variation. Usually, the
performance of a model is compared using the coefficient of determination (R?), where a better fit is
represented by a value closer to 1, and a poor fit has a value which approaches 0 [26,27]. ANNs use a
back-propagation neural system which involves a complete learning rate and momentum, including
a set of nodes, hidden layers, and an order of hidden layers [26], as well as a practical estimation
of parameters such as the learning rate [26]. K-fold cross-validation (considering 80% for training
and 20% for validation) was utilized to predict and validate the prediction model. The performance
coefficient, root-mean-square error (RMSE), and the coefficient of determination (R?) were utilized to
identify the predictive power of the developed model [26]. Table 5 shows the estimated parameters
and the prediction of the water retention and volume observed. Data were divided according to five
segments using the K-fold mechanism; thus, 16 samples were used for training and four samples were
used for validation. An R? value closer to 1 denotes the highest level of prediction accuracy of the
developed model, as seen for water retention (0.99 for training and 0.98 for validation) and volume
observed (0.97 for training and 0.99 for validation). The RMSE should be as low a value as possible,
as seen for water retention (0.08 for training and 0.26 for validation) and volume observed (0.53 for
training and 0.10 for validation).

Table 5. Model parameter estimates for training and validation data. RMSE—root-mean-square error.

Measures Training Validation

Water Retention

R? 0.9988175 0.9857542
RMSE 0.0817272 0.2636254
Number of samples 16 4
Volume Observed
R? 0.9710259 0.9961819
RMSE 0.5321165 0.1010018
Number of samples 16 4

3.3. Prediction Profiler

After producing the prediction pattern for the ANN model, the prediction profile produced during
the analysis was used to study the impact of output discharge, slope, soil type, and rainfall intensity.
Figure 5 shows the impact of these variables on the water retention and volume observed.
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Figure 5. Prediction profile graph for water retention and volume observed.
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The variables describing volume observed and water retention are denoted as Y; and Y, whereas
variables Xi, X, X3, and X4 represent output discharge, bed slope, soil type, and rainfall intensity.
Through the comparison of X and Y variables, we determined that output discharge increases with
increasing observed volume and decreasing water retention. When the bed slope increases, observed
volume also increases due to less water retained, and water starts flowing faster as compared to a
parallel surface. Observed volume also increases with an increase in rainfall intensity when bed
changes parallel to the slope, while water retention decreases.

3.4. Interaction Profiles

While the prediction profile allows determining the individual performance of variables, the
interaction profile provides an overview to analyze the performance of certain variable with reference
to other factors. In Figures 6 and 7, the performances of the minimum and maximum ranges of
variables with reference to target variables were studied. Soil type contributes to a change in water
retention pattern, especially after the addition of clay, reaching a certain optimum level. Clay fully
retains water while sand tries to drain it as fast as possible.
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Figure 6. Interaction profile of variables with respect to water retention.

For soil 1, minimum and maximum discharge with respect to water retention firstly decreased,
then increased, then slightly decreased again. For soil 2, there was a continuous decrease. For soil 3,
there was an initial increase, followed by a decrease; however, the minimum output discharge increased
slightly once more. Upon increasing the bed slope, water retention continuously decreased, except
for soil 1, where water retention firstly decreased, then increased, and then slightly decreased again.
Water retention was maximum on parallel surfaces for every soil with an increase in rainfall intensity;
however, when the slope increased, the water retention decreased with increased rainfall intensity.
For soil 1, water retention continuously decreased slightly. For soil 2, it fluctuated slightly, and, for
soil 3, water retention decreased continuously. For soil 1, the minimum and maximum discharge
with respect to volume observed firstly increased, then decreased, and then slightly increased again.
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For soil 2, it continuously increased slightly. For soil 3, the maximum discharge firstly decreased and
then increased, but the minimum output discharge started increasing followed by a slight decrease.
Upon increasing the bed slope, the volume observed continuously increased. Volume observed was
minimum on parallel surfaces due to water retention for every soil with an increase in rainfall intensity;
however, when the slope increased, then the water retention decreased, and the volume observed
increased with an increase in rainfall intensity. For soils 1 and 3, the volume observed continuously
increased slightly, while, for soil 2, it fluctuated slightly.
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Figure 7. Interaction profile of variables with respect to water volume observed.
3.5. Variable Importance

Here, we identified the important variables affecting the volume observed and water retention
with respect to output discharge, bed slope, soil type, and rainfall intensity, as shown in Table 6.
Through the comparison of X and Y variables, we found that soil type and bed slope were very
important factors in terms of output discharge.

Table 6. Variable importance profile of water retention and volume observed.

Parameter Main Effect Total Effect Profile

Water Retention

Output discharge 0.251 0.566 [k

Soil type 0.302 0302 [
Bed slope (%) 0.302 0.302 =
Rainfall intensity 0.145 0.145 mio

Volume Observed

Bed slope (%) 0.305 0.522 N

Output discharge 0.192 0.339 [
Soil type 0305 0.305 (e
Rainfall intensity 0.197 0.197 [
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Table 6. Cont.

Parameter Main Effect Total Effect Profile
Overall
Output discharge 0.221 0.452 el
Bed slope (%) 0.304 0412 e
Soil type 0.304 0.304 .
Rainfall intensity 0.171 0.171 0 H

4. Conclusions

This study focused on the optimization of soil bed formation symmetry with reference to stormy
runoff analysis. It involved changes in soil combination and slope level under heavy runoff conditions.
During the performance of laboratory experiments, testing was performed to analyze rainfall runoff
behavior for different soils, due to their different properties. Experimental conditions considered
various rainfall intensities to examine the soil behavior. Changes in soil combinations (ST 1 (100% clay),
ST 2 (100% sand), ST 3 (50% clay and 50% sand), ST 4 (70% clay and 30% sand), and ST 5 (80% clay
and 20% sand) were analyzed according to changes in slope (0%, 1%, 2%, and 3%) in terms of water
retention and volume observed. We conclude that a leveled soil bed absorbs more water compared to a
sloped soil bed. During construction, soil serves the purpose of a foundation, behaving differently with
respect to varying water conditions. Soil with less water retention is preferred and, in that case, 100%
sand or an 80%/20% combination of sand and clay are suitable for this purpose. In irrigation systems,
soil and water have a very strong relationship; thus, based on our experimental results, we determined
the optimal soil bed properties needed to resist atmospheric conditions. We observed that clay is better
for water retention. It was observed that ST-2 (100% sand) performed well in terms of water retention
(0.16 L/min) making it suitable for structures, while ST-1 (100% clay) performed well for irrigation
purposes, as clay retains a large quantity of water (7.28 L/min). Sand contributes to stabilizing the soil
before construction; thus, combinations of sand and clay were also tested with changing percentages.
At a slope level of 3% along with 100% clay and sand, water behavior was almost similar. However,
the combination of soil type 3 (ST-3) helped with the retention of water. For the prediction of outputs
and relationship analysis, the ANN technique is superior to other techniques. The results using ANN
explained the clear relationship between various input variables (soil type, slope, rainfall intensity, and
output discharge) with outputs of water retention and volume observed. Therefore, we conclude that
soil combination type and slope level should be monitored when undertaking construction.
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Abstract: In this paper, we focus on the issues pertaining to stiffness-oriented cable tension distribution
for a symmetrical 6-cable-driven spherical joint module (6-CSJM), which can be employed to construct
modular cable-driven manipulators. Due to the redundant actuation of the 6-CSJM, three cables are
employed for position regulation by adjusting the cable lengths, and the remaining three cables are
utilized for stiffness regulation by adjusting the cable tensions, i.e., the position and stiffness can be
regulated simultaneously. To increase the range of stiffness regulation, a variable stiffness device
(VSD) is designed, which is serially connected to the driving cable. Since the stiffness model of the
6-CSJM with VSDs is very complicated, it is difficult to directly solve the cable tensions from the
desired stiffness. The stiffness-oriented cable tension distribution issue is formulated as a nonlinear
constrained optimization problem, and the Complex method is employed to obtain optimal tension
distributions. Furthermore, to significantly improve the computation efficiency, a decision variable
elimination technique is proposed to deal with the equality constraints, which reduces decision variables
from 6 to 3. A comprehensive simulation study is conducted to verify the effectiveness of the proposed
method, showing that the 6-CSJM can accurately achieve the desired stiffness through cable tension
optimization.

Keywords: cable-driven manipulator; redundant actuation; variable stiffness; tension distribution;
optimization

1. Introduction

Cable-driven manipulators (CDMs) are a special class of mechanisms in which cables are employed as
the driving elements. Compared to the conventional rigid robotic manipulators, CDMs have advantages
of large workspace, low moving mass, high payload-to-weight ratio, and variable stiffness. As such,
they have been applied in inspection and repair [1-3], human-robot interaction [4-6], moving and lifting
payloads [7-9] and wearable robots [10-14]. Since cables have unilateral driving properties, i.e., can pull but
cannot push, the number of driving cables in a CDM is greater than the number of its Degree-of-Freedom

Symmetry 2019, 11, 1158; d0i:10.3390/sym11091158 www.mdpi.com/journal/symmetry
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(DOF), yielding redundant actuation. Thus, there exist an infinite number of cable tension distribution
settings for any given pose of a CDM. As the stiffness of a CDM can be regulated by adjusting the
cable tensions [15], a redundantly actuated CDM has the merit of variable stiffness for safe human-robot
interactions. Therefore, a CDM is a promising candidate of collaborative robots to perform various
manipulation tasks in human environment [16,17].

In the last decades, the design [18,19], kinematics [20], workspace [21,22], motion control [23] and
stiffness [24—26] of CDMs have been studied by many researchers. For the issue of cable tension distribution,
some researchers studied the cable tension distribution of a CDM to minimize a p-norm (such as 1-norm,
or 2-norm) of the tensions, aiming to reduce the energy consumption [27-32]. In [33], an analytical method
is proposed to minimize magnitude sum of cable tensions for a completely restrained 6-DOF CDM, in order
to obtain the optimal tension distribution for lowest energy consumption. However, such a method is not
applicable for CDMs with more than one redundant cable. In [34], a cable tension distribution method is
proposed to control the cable-driven platform on a given trajectory, which is formulated as a constrained
optimization problem to minimize the 2-norm of the cable tensions. Two algorithms based on interval
analysis and gradient-based optimizer are investigated to compute the optimal cable tension solutions.
However, these norm-based optimization methods would generally suggest the results being close to the
lower tension limits. This potentially resulted in low robot stiffness and left the cable tend to be slack.
To solve this issue, in [35], a non-iterative method is proposed to find out the safe tension distributions
being away from the tension limits. However, this method is computational intensive when the number of
cables increases. In [36], the issue of stiffness-oriented cable tension distribution is studied and a gradient
projection based method is developed to regulate the stiffness of a CDM by adjusting cable tensions.
However, this method employs the determinant of the stiffness matrix as the cost function, rather than
all entries of the stiffness matrix. It is difficult to achieve the desired stiffness accurately. In summary,
the issue of the cable tension distribution for accurately achieving a desired feasible stiffness of a CDM has
not been addressed well.

In this paper, we focus on the issue of stiffness-oriented cable tension distribution for a symmetrical
6-cable-driven spherical joint module (6-CSJM), which can be employed as a fundamental block for building
modular CDMs. For such a 6-CSJM, due to its redundant actuation, three cables are enough for position
control, and the remaining three cables can be utilized for stiffness regulation. To increase the range of
stiffness regulation, a variable stiffness device (VSD) is designed to connect to the driving cable serially.
Compared to other design [18], this VSD is fixed on the platform, rather than directly attached to the
midway of the hanging cables. Such VSD arrangement reduces the VSD’s disturbance to the cable tensions
effectively. Consequently, the position and stiffness of a 6-CSJM can be regulated simultaneously, such that
its position can be controlled by adjusting the three cable lengths, while its stiffness can be controlled by
adjusting the remaining three cable tensions. The stiffness model of the 6-CSJM indicates that its stiffness
is related to both the geometry change of the 6-CSJM and stiffness of the driving cable with a VSD [37].
Due to the complexity of the stiffness model, it is difficult to obtain the cable tension distribution from
a desired stiffness directly. Hence, we formulate the issue of stiffness-oriented cable tension distribution
as a nonlinear constrained optimization problem. The cost function is constructed based on all entries
of the stiffness matrix of the 6-CSJM, rather than its determinant. Furthermore, we set safe tension zone
for the cable and the VSD to avoid the cable being slack and the tension exceeding the torque limit of the
driving motor. A variable elimination technique is proposed to deal with the three equality constraints in
the optimization model and the decision variables are significantly reduced from 6 to 3. Since the stiffness
model of the 6-CSJM with nonlinear VSDs is complicated, the widely used gradient-based optimization
algorithm is not appropriate. Instead, the Complex method is employed, since it merely require cost
function values in the optimization process [38]. The effectiveness of the proposed method is validated
by a comprehensive simulation. In summary, the major merit of the proposed stiffness-oriented cable
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tension distribution method is that it provides an effective way to achieve accurate stiffness regulation and
position control simultaneously.

2. Design of the 6-CSJM with VSDs

The cable-driven spherical joint module (CSJM) consists of a moving-platform, a base and a passive
spherical joint. The moving-platform is driven by cables. Since the cables can pull but cannot push,
for the 3-DOF CSJM, the number of driving cables, n, should satisfy n > 4 [39]. To have a symmetrical
design, six cables are employed in this CSJM. As shown in Figure 1, there are six small holes on both
of the moving-platform and the base for cables passing through, denoted by A; (i = 1,2,---,6) and
Bj (j=1,2,---,6), respectively. Geometrically, Ay A3 = AyAs = AgA1 =I5, B1Ba = B3By = BsBg = Ip,
A1Ay = A3Ay = AsAg = eq and ByBs = ByBs = BgBy = ep. O, O4 and Op are the centers of the passive
spherical joint, moving-platform and base plate, respectively, in which OO4 = h4 and OOp = hp. In order
to describe the motion, we set the base frame { B} being attached to the base, and the moving frame {A}
being attached to the moving-platform. When the 6-CSJM is at home pose, the moving-platform is parallel
to the base and the two frames coincide with each other.

Force/torque sensor
Moving-platform

ZA
kn
Cable .-~ 0 X,
Spherical
joint
Z

Connecting to
cable driving unit

Figure 1. CAD model of the 6-CSJM.

Due to the redundant actuation of the 6-CSJM, three cables are enough for position regulation and
the other three cables can be employed for stiffness regulation. Thus, the position and stiffness can be
regulated simultaneously. Considering the symmetry of the 6-CSJM, six driving cables are divided into
two groups. Cable 1, 3 and 5 are grouped for position regulation, which can be realized by adjusting the
cable lengths. Meanwhile, Cable 2, 4 and 6 are grouped for stiffness regulation, which can be realized by
adjusting the cable tensions. In order to increase the range of stiffness regulation, a novel VSD is designed
and it is connected to the cable in series. The CAD model and kinematic diagram of the VSD are shown
in Figure 2. This VSD is basically a 1-DOF cable-driven mechanism, in which a set of torsional springs
with constant stiffness are employed to connect the rotating rigid link to the shaft of the revolute joint.
Compared to the other designs [18], our VSDs are fixed on the platform, rather than directly attached to
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the midway of the hanging cables. Such design effectively reduces the perturbation to the cable tensions
from the gravity of the VSDs.

Torsion sprin;
N Torsion spring

Revolute joint Hole for
fixing a cable

(a)

Figure 2. Design of the VSD. (a) CAD model of the VSD; (b) Diagram of the VSD.

In this 6-CSJM, three VSDs (VSD 2, 4 and 6) are installed on the top of the moving-platform. Cable 2,
4 and 6 are fixed to VSD 2, 4 and 6, go through the holes Ay, A4 and Ag on the moving-platform, and then
go through the holes B,, By and Bg on the base, finally be connected to the cable-driven motors, respectively.
Cable 1, 3 and 5 are fixed in the holes A;, A3 and As on the moving-platform, go through the holes B, B3
and Bs on the base, finally be connected to the cable-driven motors, respectively. In order to measure the
external load applied on the moving-platform, a force/torque sensor is installed on the moving-platform.

3. Stiffness Model of the VSD
As shown in Figure 2b, the cable length [ in the VSD satisfies

I =\/h%2+r%2—2hrcosé¢, 1)

where /1 is the height of the revolute joint, 7 is the length of the rigid-link and ¢ is the angle of the rigid-link.
The cable tension t, applied on the VSD satisfies the equilibrium equation of the VSD, hence it can be
represented as

Lks(po —
_ (o —9) )

t
¢ hr sin ¢

where k; is the stiffness of the torsional spring and ¢y is the initial value of angle ¢. In this design,
ks = 1.20 Nm/rad, r = 0.018 m, & = 0.03 m, and ¢9 = 0.53 rad. According to (1) and (2), the cable length
I and the cable tension t, are both dependent on the angle ¢. Denote I = [(¢) and t, = t,(¢), then the
stiffness of the VSD, k,, can be represented as

_dt,  dty, /dl
Y= T/ a0 @)

It shows that the stiffness k; is also dependent on the angle ¢. The expression of the k; and t; are
both complicated in terms of ¢. It is difficult to obtain the explicit solution of ¢ from t,. Hence, it is

a tough job to obtain exact explicit formulation of k, in terms of t,. In order to simplify the calculation,
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we approximate the expression of k; in terms of t, by a polynomial (4), with 95% confidence bounds and
R-square = 0.996, i.e.,

ko = 8.005t2 — 239.4t, + 5415. 4
The curve of k, with respect to t, is shown in Figure 3, indicating that the stiffness is nonlinear and it

increases when the cable tension increases. On the other hand, the displacement of the cable in the VSD,
Al = Ip — I, can be expressed in terms of ¢, approximately as following

Al = —1.687 x 107°2 +2.729 x 10~ *t,,. 5)
6

2 x 10
N
=157 1
&
a
wn
> 1r 1
-
€ 05¢ 1
=
N

0 L L L L

0 100 200 300 400 500

Cable tension on VSD ¢, [N]

Figure 3. Curve of the stiffness of the VSD in terms of the cable tension applied on the VSD.

Considering the torque limit of cable driving motor and the tensile strength of the cable, and to
avoid the cable being slack, the cable tensions should be limited. Here, we set 10 N< ¢, < 100 N for the
cable tension f, applied on the VSD, terming it as the safe tension zone of the VSD. Similarly, we also set
10 N< t. <100 N as the safe tension zone for the driving cables without connecting to a VSD.

4. Stiffness Model of the 6-CSJM

4.1. Kinematic Analysis of the 6-CS]M

In the 6-CSJM, the moving-platform realizes 3-DOF rotational motions about the spherical joint.

The pose of the moving-platform, described by the pose of the moving frame {A} with respect to the base

frame {B}, is a rotational matrix R € SO(3). Thus, the motion of the moving-platform is a curve on SO(3),
denoted as R(t). It satisfies

R(t) = 01810 +020a(D)+0583(1) (6)

where ¢, 6 and 3 are the basis of Lie algebra s0(3), and {(t) = ({1(t),{a(t),3(t))T is the canonical
coordinate of R(t) with respect to the basis. Here, we choose 01 = (1,O,O)T, o = (0, 1,0)T and
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o3 = (0,0, l)T, then ¢, &> and &3 represent instantaneous rotations of the moving-platform about the
axes Xp, Yp and Zp, respectively, where the operation (-) is defined as

M 0 —A3 Ay
A= A | =A== A 0 A | )
A3 A A0

Since {(t) = (1(t),ga(t),3(t))T is a vector of the rotational angles, describing the motion of the
moving frame {A} with respect the base frame {B}, the velocity of the moving-platform satisfies

S} g

S —
As shown in Figure 1, denote a; = OA; and b; = OB; as the position vectors of A; and B; in frame
{B}, respectively, the vector of the i" (i=1,2,---,6) cable from A; to B;, denoted as ¢; € R, satisfies

—
ci = AiB; = OB; — OA; =b; — a;, )

Here, a; can be expressed as a; = Ra#}, where a! is the position vector of point A; in frame {A}. Define
¢i = |¢i| and u; = ¢;/c;, then ¢; = c;ju;. By differentiating (9) with respect to time, we have

¢ =Ciuj + ciw; X u; = —w X aj, (10)

where wj is the angular velocity of the ith cable in frame {B}. Dot-multiplying both sides of (10) by u;, we
obtain
= —(ai xu) w=—(a; xu;)) w, (11)

or the equivalent matrix form as

C=-Jw=-Jg, (12)
where C = (c1,¢z,+++,¢6)T € ROand J = (a; X uy,ap x uy,- -+ , a6 x ug)’. Equation (12) represents the
velocity of the cable elongation in terms of the change rate of the coordinate.

4.2. The Stiffness Model of the 6-CS]M

In this paper, the stiffness of the ith driving cable k.; (i = 1,2, - - - ,6) satisfies kg = koo = kg = kea =
kes = keg = ke, where the stiffness of the cable k. = 8.0 x 10* N/m. When a driving cable is connected to
a VSD, the overall stiffness of the cable with the VSD, denoted as k., satisfies

(13)

where k; is the stiffness of the VSD.

Denote M as the total load applied to the moving-platform, T; (i = 1,2,---,6) as the tension
vector of the ith cable, and T = (t1,f5,-- -, tﬁ)T, where t; = |T;|, the static equilibrium equation of the
moving-platform is given below

M-d{+T-dC=0. (14)

Substituting (12), i.e., dC = —Jd{, into (14), we have

M =]J'T = ST, (15)
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where § = JT is called structure matrix. The differential form of (15) is given below
dM = dST + SdT. (16)

According to the analysis above, we have

dM = K,,dz, 17)
dST = Zdt, (18)
dT = Kdiagdc = Kdiag]dg- (19)

Here, K;;, € R3*3 is the stiffness matrix of 6-CSJM to be determined, Kgiag = diaglky, ko, -+ ke} € RE%6
is a diagonal matrix whose element k; represents the stiffness of the ith (i = 1,2,-- - ,6) cable, and Z is

defined by
aS T dS . dS

Z=(+T, T 5
G on "
The diagonal element of Kg;ag satisfies k; = key; if there is a VSD connected to the cable, or k; = k,; if there

is no VSD connected to the cable.
Substituting (17), (18) and (19) into (16), the stiffness model of the the 6-CSJM is expressed as

T) € R¥3, (20)

Ky = SKdiagsT +Z=K:+ Kg- (21)

The first part K, yields
K. = SKg;pgS™ € R¥3, (22)

which represents the stiffness caused by the elongation of the cable (with the VSD) and it is a symmetric
matrix. The second part K, yields
Ky, = Z e R¥, (23)

which represents the stiffness caused by the change of the geometry of the 6-CSJM.

5. Stiffness-Oriented Cable Tension Distribution Method

As stated in the prior section, Cable 1, 3 and 5 are employed for position control, while Cable 2, 4 and 6
are employed for stiffness regulation. According to (9), the desired feasible pose Rges € R3*® can be easily
realized by adjusting the lengths of Cable 1, 3 and 5. For stiffness regulation, we should adjust the tensions
of Cable 2, 4 and 6 to achieve the desired feasible stiffness. However, due to the complexity of the stiffness
model (21), it is difficult to solve the cable tension distribution from the desired feasible stiffness directly.
Instead, we formulate the stiffness-oriented cable tension distribution issue as an optimization problem.

5.1. Formulation of the Optimization Model

Denote Kges = {kqes(ij) } € R3*3 (i,j = 1,2,3) as the desired stiffness matrix of the 6-CSJM at a given
pose Ryes, and Kact = {kact(ij) } € R3*3 (i,j = 1,2,3) as the actual stiffness matrix, a desired stiffness
matrix is computed with the given cable tensions according to the stiffness model (21) and an actual
stiffness matrix is computed with the actual cable tensions or measured by the equipments. For this issue,
we require the actual stiffness matrix to achieve the desired stiffness matrix, hence a scalar, d, is defined
to evaluate the distance of the two stiffness matrices.
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kdes (i) kact(ij) )27 (24)

@\P—‘

H Mw

w-SEL
where all entries of the stiffness matrix are employed, rather than its determinant. Eventually, we define
a cost function f(T) = dx(T), and formulate an optimization model for the stiffness-oriented cable tension
distribution issue

Minimize: f(T), (25a)
Subject to: ST — M =0, (25b)
t <ty <F (i=1,2,3), (25¢)
to<t;<tk(j=123), (25d)

where [t,, F,] is the safe tension zone of VSDs, and [t,, f] is the safe tension zone of cables.

5.2. Elimination of Equality Constraint

The nonlinear optimization model (25) has both equality and inequality constraints. Here, a variable
elimination technique is proposed to deal with the equality constraints and the decision variables are
significantly reduced from 6 to 3. Denote T, = (t1, t3, t5)T ER3, T, = (fp, 1y, t(,)T € R?, Sy = (s1,83,85) €
R3%3 and S, = (s2,84,86) € R3*3, where t; (i = 1,2,---,6) is the tension of the i" cable, and s; (i=
1,2,--+,6)is the it column vector of the matrix S. Then we can write (25b) as

STy = M — S, T. (26)
The cable tension vector Ty, for position control can be represented by
T, =S, (M —ST;). (27)

Equation (27) implies that Tj is dependent on T;. Denote T = q(T) and g(Ts) = f(q(T;)), then the
model (25) can be written as

Minimize: ¢(Ts), (28a)
Subject to: t, < t; < F, (i =2,4,6), (28b)
to <t <E(j=1,35). (28¢)

Remarkably, (28) only contains inequality constraints. In prior works, such optimization model are
usually solved by gradient-based methods. However, the derivative of the cost function of this model
is complicated and difficult to obtained. Thus, the Complex method is employed as the optimization
algorithm to solve this model, since it merely require cost function values.

5.3. Optimization Procedures via Complex Method

When applying the Complex method, there are three decision variables from Ty = (t2, ta, te)" and six
inequality constraints from (28b) and (28c). The procedures are described as following:

(i)  Formation of the initial Complex: An initial Complex with six vertices Ts(l), TS<2), cee, TS(6) is setup in the
feasible region randomly.
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(i)  Generation of a new complex: The values of the cost function at the vertices are computed. The worst
(W)

point T; "/, where the cost function obtains the largest value, will be replaced by the mapping point
TS(M). In this way, a new Complex is generated. Here, the mapping point TS(M) is computed b
Y P 8 pping p P y
T = 1l 4 (il - 1), (29)

where TS<C) is the center of the other 5 points except the worst point TS<W>, and w is the reflection factor.

The initial value of « = 1.3. If TS(M) is not in the feasible region, it should be computed again with
a + %, while its minimum value a,,;, = 1075,

(iii) Condition of loop stopping: If the error tolerance, € < €, = 1077, the iterative procedure will terminate,
and we go to (iv). Otherwise, we go back to (i). Here, € is defined as

c= J : Y ls(1) - (1) (30)

In (30), g(Ts<j )) (j=1,2,---,6) is the value of the cost function at the vertex of the current Complex.
T, B) is the best point, such that its cost function has the minimum value.

(iv) Finalization of optimal solution: The best point TS(B) is selected as the optimal solution Tjpt. From here,
the optimal cable tension distribution is obtained for the desired feasible stiffness.

(v)  Validation of stiffness model: The actual stiffness Ky is computed by substituting the optimal cable
tensions Typt into the stiffness model (21). The error 7 is defined to evaluate the difference between
Kges and Kjct,

||Kdes - Kact‘ ‘F
— [Bdes — Zactll (31)
1 ‘ |Kdes‘ |F
where || - || represents the Frobenius norm of the matrix.

6. Simulation

In order to validate the proposed method, a comprehensive simulation is carried out. The dimension
parameters of the 6-CSJM for simulation are given by /4, = 0.100 m, [z = 0.130 m, ¢4 = 0.005 m,
eg = 0.006m, hy = 0.080 m, and hg = 0.080 m.

6.1. Simulation Cases

Firstly, we consider two cases of the 6-CSJM with different poses and loads, i.e., Case 1 with desired
pose Rges1 and load Mj, Case 2 with desired pose Rgesp and load M,. The desired poses Rges1 and Rgegn
are given by {; = (0.05,0.07,0.03)T and ¢, = (0.09,0.14,0.12)7, respectively. The load M; represents
the external moment at pose Ryes; (i = 1,2), which are given by M; = (—0.98,0.48, —0.11)T Nm and
M, = (—1.13,—-1.59, —0.33)T Nm, respectively.

Since the stiffness of the 6-CS]M is a 3 x 3 matrix, we employ the determinants of the stiffness matrices
to evaluate the ranges of the stiffness. The result is shown in Figure 4, suggesting the ranges of the stiffness
of the 6-CSJM are adequate for regulation.
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3.5 Case 2: Pose Rdcsz’ Load M2 [ IMaximum value| |

251 1

det(K)
8]

0 . .
Case 1 Case 2

Cases

Figure 4. Determinant of the stiffness matrices of the 6-CSJM for the two cases.

Followed by this, we choose two desired feasible stiffness matrices for each of the above two cases
and generate four sub-cases, as shown in Table 1, so that we can evaluate the effectiveness of our method
for the 6-CSJM at different poses, with different loads and desired stiffness.

Taking Case 1-a as an example, for the position regulation, the desired pose Rges1 can be realized by
adjusting the lengths of Cable 1, 3 and 5, where the lengths of Cable 1, 3 and 5 can be computed according
to (9),i.e., c; = 0.17m, c3 = 0.17 m and ¢5 = 0.18 m. For the stiffness regulation, firstly, the structure
matrix S for pose Ryes; is obtained by the definition § = JT

0.05 0 —0.04 -0.04 0 0.05
§=1 003 006 003 -0.03 —005 —-0.02
—-0.02 002 -0.02 0.02 —0.02 0.02

Subsequently, according to the proposed method in the prior Section, we obtain the optimal cable tensions
Topt = (42.6,10.9,51.4,57.7,20.1, 62.2)T N. In the simulation, the corresponding actual stiffness Kyt is
computed by the optimal cable tensions according to the stiffness model (21) and its error with the desired
stiffness are listed in Table 1. The simulation of the other cases are conducted in the similar way as Case 1-a.
The values of optimal cable tensions for the four sub-cases are shown in Figure 5, which illustrates that
they are all in the safe tension zone. The actual stiffness and errors of the four sub-cases are all listed
in Table 1.
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Table 1. Simulation in four sub-cases with different poses, loads and stiffness.

Case Pose Load M Desired Stiffness Kgeg Actual Stiffness Kyt Error 5

3857 3.6 232 3857 36 —23.2
Casel-a  Rgeg) M, -34 3540 -26.1 -34 3540 -26.1 0.001%
1

—228 —255 1334 —22.7 255 1334
4342 06 —24.1 4342 06 —24.1

Case1-b  Ryes1 —-05 4164 174 —-05 4164 174 0.001%

M
(23.6 ~16.8 156.5) (23.6 ~16.8 1564)
4115 —128 —340 4115 —128 —340
Case2-a Raer My —124 3442 -526 —124 3442 -526| 0.001%
—325 —519 1473 —325 —519 1473
3477 124 542 3477 124 542
ML ER T

128 3534 —46.3 128 3534 —463
—52.6 —455 1446 —52.6 —455 1446

Case2-b  Ryes2 0.001%

120

N 7
Safe zone of tensions for cable: [t,,.]

60

40r n M 1

Cable tension [N]
]

207 —10

Case 1-a Case I-b  Case2-a Case2-b
Cases

Figure 5. Optimal cable tensions for the four sub-cases, with the safe tension zones of cables [, f|.
6.2. Discussion

The stiffness model (21) is too complicated to solve the cable tension distribution from the desired
feasible stiffness directly. Hence we formulate the stiffness-oriented cable tension distribution issue as
a constrained optimization problem. Most of the previous research works employ the determinant of the
stiffness matrix as the cost function, so that the desired stiffness cannot be achieved accurately. In this
paper, we employ all entries of the stiffness matrix to construct the cost function, which is more effective
and accurate for stiffness regulation. Besides, we reduce the number of the decision variables from 6 to 3,
by eliminating the equality constraints of the optimization model. To solve the nonlinear optimization
model, we employ the Complex method to obtain the optimal cable tensions for the desired stiffness. In the
simulation, the optimal cable tensions are obtained by using the proposed method, under four sub-cases
with different poses, loads and desired stiffness matrices. The result shows that the cable tensions are all in
the safe tension zones [t., .| (Figure 5), and each entry of the actual stiffness matrix Kyt is very close to
that of desired stiffness matrix Kqes (Table 1). Hence, the presented method is effective to solve the issue of
stiffness-oriented cable tension distribution for the 6-CSJM.
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7. Conclusions

In this paper, we focus on the issue of stiffness-oriented cable tension distribution for a symmetrical
6-CSJM, which is designed as a fundamental building block for building modular CDMs. For the 6-CS]M,
three cables are enough to regulate position by adjusting the cable lengths, and the remaining three cables
can be employed to regulate stiffness by adjusting the cable tensions. That means the position and stiffness
can be regulated simultaneously. However, it is difficult to solve the cable tensions from the desired
stiffness directly. Instead, we formulate this issue as a nonlinear optimization model with equality and
inequality constraints. In order to obtain accurate solution for the issue, all the entries of the stiffness
matrix is employed to construct the cost function of the optimization model, rather than its determinant.
Furthermore, as it is troublesome to handle equality constraints in an non-linear optimization problem,
a variable elimination technique is proposed to deal with the three equality constraints in the optimization
model and the decision variables are significantly reduced from 6 to 3. The Complex method is imployed
to search for the optimal cable tension distribution for a desired stiffness matrix. A comprehensive
simulation is conducted to verify the effectiveness of the proposed method, with different poses, loads and
desired stiffness. Simulation results illustrate that the proposed method is effective for the 6-CSJM to
achieve desired stiffness closely with optimized cable tensions. Besides, the proposed stiffness-oriented
tension distribution method can be implemented to not only a 6-CSJM but also a modular CDM to achieve
compliant motions in a human-involved environment. In our future work, we would fabricate a prototype
of the 6-CSJM as well a modular CDM, and develop an experimental testbed to implement and verify the
proposed tension distribution method.

Author Contributions: K.Y. and G.Y. developed the main idea of this paper; S.-L.C. and C.Z. provided technical
support in implementing the idea; Y.W. designs part of the CAD model; Z.F, T.Z. and C.W. helped to review and
improve the paper.

Funding: This research is funded by the National Natural Science Foundation of China (Project code:51705510,
51475448), NSFC-Zhejiang Joint Found for the Integration and Information(Project code: U1509202), Institute of
robotics and intelligent manufacturing innovation, Chinese Academy of Science (Project code: C2018005) and Public
Welfare Technology Research Program of Zhejiang Province, China (Project code: LGF19E050001).

Acknowledgments: The authors would like to acknowledge the support from the Innovation Team of Key
Components and Technology for the New Generation Robot under Grant 2016B10016.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dong, X.; Axinte, D.; Palmer, D.; Cobos, S.; Raffles, M.; Rabani, A.; Kell, ]. Development of a slender
continuum robotic system for on-wing inspection/repair of gas turbine engines. Robot. Comput. Integr. Manuf.
2017, 44, 218-229. [CrossRef]

2. Wang, M,; Palmer, D.; Dong, X.; Alatorre, D.; Axinte, D.; Norton, A. Design and Development of a Slender
Dual-Structure Continuum Robot for In-Situ Aeroengine Repair. In Proceedings of the IEEE/RS] International
Conference on Intelligent Robots and Systems (IROS), Madrid, Spain, 1-5 October 2018; pp. 5648-5653.

3. Axinte, D.; Dong, X.; Palmer, D.; Rushworth, A.; Guzman, S.C.; Olarra, A.; Arizaga, I.; Gomez-Acedo, E.;
Txoperena, K.; Pfeiffer, K.; et al. MiRoR-Miniaturized Robotic Systems for HolisticIn-SituRepair and Maintenance
Works in Restrained and Hazardous Environments. IEEE/ASME Trans. Mechatron. 2018, 23, 978-981. [CrossRef]

4. Wang, H.; Wang, C.; Chen, W.; Liang, X.; Liu, Y. Three-dimensional dynamics for cable-driven soft manipulator.
IEEE/ASME Trans. Mechatron. 2017, 22, 18-28. [CrossRef]

5. Xu, F; Wang, H.; Au, KW.S.; Chen, W.; Miao, Y. Underwater dynamic modeling for a cable-driven soft robot
arm. [EEE/ASME Trans. Mechatron. 2018, 23, 2726-2738. [CrossRef]

6.  Cui, Z,; Tang, X.; Hou, S.; Sun, H. Research on controllable stiffness of redundant cable-driven parallel robots.
IEEE/ASME Trans. Mechatron. 2018, 23, 2390-2401. [CrossRef]

270



Symmetry 2019, 11, 1158

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Campeau-Lecours, A.; Foucault, S.; Laliberte, T.; Mayer-St-Onge, B.; Gosselin, C. A cable-suspended
intelligent crane assist device for the intuitive manipulation of large payloads. IEEE/ASME Trans. Mechatron.
2016, 21, 2073-2084. [CrossRef]

Dion-Gauvin, P.; Gosselin, C. Dynamic point-to-point trajectory planning of a three-DOF cable-suspended
mechanism using the hypocycloid curve. IEEE/ASME Trans. Mechatron. 2018, 23, 1964-1972. [CrossRef]

Wang, H.; Kinugawa, J.; Kosuge, K. Exact kinematic modeling and identification of reconfigurable cable-driven
robots with dual-pulley cable guiding mechanisms. IEEE/ASME Trans. Mechatron. 2019, 24, 774-784. [CrossRef]
Kuan, J.; Pasch, K.A.; Herr, HM. A high-performance cable-drive module for the development of wearable
devices. IEEE/ASME Trans. Mechatron. 2018, 23, 1238-1248. [CrossRef]

Thompson, N.; Sinha, A.; Krishnan, G. Characterizing Architectures of Soft Pneumatic Actuators for
a Cable-Driven Shoulder Exoskeleton. In Proceedings of the IEEE International Conference on Robotics
and Automation (ICRA), Montreal, QC, Canada, 20-24 May 2019; pp. 570-576.

Choi, H.; Kang, B.B.; Jung, B.; Cho, K. Exo Wrist: A Soft Tendon Driven Wrist Wearable Robot with Active
Anchor for Dart Throwing Motion in Hemiplegic Patients. IEEE Robot. Autom. Lett. 2019. [CrossRef]

Hidayah, R.; Chamarthy, S.; Shah, A.; Fitzgerald-Maguire, M.; Agrawal, S.K. Walking With Augmented Reality:
A Preliminary Assessment of Visual Feedback with a Cable-Driven Active Leg Exoskeleton (C-ALEX). IEEE Robot.
Autom. Lett. 2019, 4, 3948-3954. [CrossRef]

Chen, Q.; Zi, B.; Sun, Z.; Li, Y.; Xu, Q. Design and Development of a New Cable-Driven Parallel Robot for Waist
Rehabilitation. IEEE/ASME Trans. Mechatron. 2019, 24, 1497-1507. [CrossRef]

Borgstrom, P.H.; Jordan, B.L.; Sukhatme, G.S.; Batalin, M.A.; Kaiser, W.J. Rapid Computation of Optimally Safe
Tension Distributions for Parallel Cable-Driven Robots. IEEE Trans. Robot. 2009, 25, 1271-1281. [CrossRef]
Nakamura, T.; Tanaka, D.; Maeda, H. Joint Stiffness and Position Control of an Artificial Muscle Manipulator for
Instantaneous Loads Using a Mechanical Equilibrium Model. Adv. Robot. 2011, 25, 387-406. [CrossRef]
Kajikawa, S.; Ito, T.; Hase, H. Stiffness control of variable stiffness joint using electromyography signals.
In Proceedings of the IEEE International Conference on Robotics and Automation (ICRA), Karlsruhe, Germany,
6 May 2013; pp. 4928-4933.

Lim, W.B.; Yeo, S.H.; Yang, G.; Chen, M. Design and analysis of a cable-driven manipulator with variable
stiffness. In Proceedings of the IEEE International Conference on Robotics and Automation (ICRA), Karlsruhe,
Germany, 6 May 2013; pp. 4519-4524.

Cui, X.; Chen, W.; Jin, X.; Agrawal, S.K. Design of a 7-DOF cable-driven arm exoskeleton (CAREX-7) and
a controller for dexterous motion training or assistance. IEEE/ASME Trans. Mechatron. 2017, 22, 161-172.
[CrossRef]

Lim, W.B.; Yeo, S.H.; Yang, G.; Mustafa, S.K. Kinematic analysis and design optimization of a cable-driven
universal joint module. In Proceedings of the IEEE/ASME International Conference on Advanced Intelligent
Mechatronics, Sinagopore, 14-17 July 2009; pp. 1933-1938.

Mustafa, S.K.; Song, H.Y.; Cong, B.P,; Yang, G.; Wei, L. A biologically-inspired anthropocentric shoulder joint
rehabilitator: workspace analysis and optimization. In Proceedings of the IEEE International Conference on
Mechatronics and Automation, Niagara Falls, ON, Canada, 29 July—1 August 2005; pp. 1045-1050.
Abbasnejad, G.; Eden, J.; Lau, D. Generalized Ray-Based Lattice Generation and Graph Representation of
Wrench-Closure Workspace for Arbitrary Cable-Driven Robots. IEEE Trans. Robot. 2019, 35, 147-161. [CrossRef]
Porto, R.A.; Nageotte, F.; Zanne, P.; Mathelin, M.D. Position control of medical cable-driven flexible instruments
by combining machine learning and kinematic analysis. In Proceedings of the International Conference on
Robotics and Automation (ICRA), Montreal, QC, Canada, 20-24 May 2019; pp. 7913-7919.

Behzadipour, S.; Khajepour, A. Stiffness of cable-based parallel manipulators with application to stability analysis.
J. Mech. Des. 2006, 128, 303-310. [CrossRef]

Azadi, M.; Behzadipour, S.; Faulkner, G. Antagonistic variable stiffness elements. Mech. Mach. Theory
2009, 44, 1746-1758. [CrossRef]

Cui, Z; Tang, X.; Hou, S.; Sun, H.; Wang, D. Calculation and Analysis of Constant Stiffness Space for Redundant
Cable-Driven Parallel Robots. IEEE Access 2019, 7, 75407-75419. [CrossRef]

271



Symmetry 2019, 11, 1158

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gosselin, C. On the Determination of the Force Distribution in Overconstrained Cable-driven Parallel
Mechanisms. Meccanica 2011, 46, 3-15. [CrossRef]

Cong, B.P; Song, H.Y.; Yang, G.; Chen, LM. Workspace analysis of fully restrained cable-driven manipulators.
Robot. Auton. Syst. 2009, 57,901-912.

Oh, S.R,; Agrawal, S.K. Cable Suspended Planar Robots with Redundant Cables: Controllers with Positive
Tensions. IEEE Trans. Robot. 2005, 21, 457-465.

You, X.; Bing, L.; Chen, W.; Yu, S. Tension distribution algorithm of a 7-DOF cable-driven robotic arm based on
dynamic minimum pre-tightening force. In Proceedings of the IEEE International Conference on Robotics and
Biomimetics (ROBIO), Phucket, Thailand, 7-11 December 2011; pp. 715-720.

Cote, A.F,; Cardou, P.; Gosselin, C. A tension distribution algorithm for cable-driven parallel robots operating
beyond their wrench-feasible workspace. In Proceedings of the International Conference on Control, Automation
and Systems, Jeju, Korea, 18-21 October 2017; pp. 68-73.

Hassan, M.; Khajepour, A. Optimization of Actuator Forces in Cable-Based Parallel Manipulators Using Convex
Analysis. IEEE Trans. Robot. 2008, 24, 736-740. [CrossRef]

Fang, S.; Franitza, D.; Torlo, M.; Bekes, E.; Hiller, M. Motion Control of a Tendon-BasedParallel Manipulator
Using Optimal Tension Distribution. IEEE/ASME Trans. Mechatron. 2004, 9, 561-568. [CrossRef]

Bruckmann, T.; Pott, A.; Hiller, M. Calculating force distributions for redundantly actuated tendon-based Stewart
platforms. In Advances in Robot Kinematics; Springer: Berlin, Germany, 2006; pp. 403-412.

Mikelsons, L.; Bruckmann, T.; Hiller, M.; Schramm, D. A real-time capable force calculation algorithm for
redundant tendon-based parallel manipulators. In Proceedings of the IEEE International Conference on Robotics
and Automation, Pasadena, CA, USA, 19-23 May 2008; pp. 3869-3874.

Lim, W.B.; Song, H.Y.; Yang, G. Optimization of Tension Distribution for Cable-Driven Manipulators Using
Tension-Level Index. IEEE/ASME Trans. Mechatron. 2014, 19, 676-683. [CrossRef]

Yang, K.; Yang, G.; Wang, J.; Zheng, T.; Wei, Y. Design analysis of a 3-DOF cable-driven variable-stiffness
joint module. In Proceedings of the IEEE International Conference on Robotics and Biomimetics (ROBIO),
Qingdao, China, 3-7 December 2016; pp. 529-534.

Box, M.J. A New Method of Constrained Optimization and a Comparison With Other Methods. Comput. |.
1965, 8, 42-52. [CrossRef]

Yang, G.; Lin, W.; Kurbanhusen, M.S.; Bang, P.C.; Yeo, S.H. Kinematic design of a 7-DOF cable-driven humanoid
arm: A solution-in-nature approach. In Proceedings of the EEE/ASME International Conference on Advanced
Intelligent Mechatronics (AIM), Monterey, CA, USA, 24-28 July 2005; pp. 444-449.

® (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution (CC
BY

BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

272



. symmetry MBPY

Atrticle
Routing for Hazardous Materials Transportation in
Urban Areas

Lukai Zhang !, Xuesong Feng *, Yan Yang 2 and Chuanchen Ding !

L School of Traffic and Transportation, Beijing Jiaotong University, No.3 Shangyuancun, Haidian District,

Beijing 100044, China
Guangxi Traffic Technician College, No.9 Yongwu Road, Nanning 530001, China
*  Correspondence: xsfeng@bjtu.edu.cn; Tel.: +86-1860-024-6488

2

Received: 3 August 2019; Accepted: 21 August 2019; Published: 1 September 2019

Abstract: Hazardous materials (HAZMAT) are important for daily production in cities, which usually
have a high population. To avoid the threat to public safety and security, the routes for HAZMAT
transportation should be planned legitimately by mitigating the maximum risk to population centers.
For the objective of min-max local risk in urban areas, this study has newly proposed an optimization
model where the service of a link for HAZMAT transportation was taken as the key decision variable.
Correspondingly, the symmetric problem of min-max optimization takes significant meanings.
Moreover, in consideration of the work load of solving the model under a lot of decision variables,
a heuristic algorithm was developed to obtain an optimal solution. Thereafter, a case study was made
to test the proposed model and algorithm, and the results were compared with those generated by
deterministic solving approaches. In addition, this research is able to be an effective reference for
authorities on the management of HAZMAT transportation in urban areas.

Keywords: hazardous materials transportation; risk mitigation; population center; route planning;
heuristic algorithm

1. Introduction

Hazardous materials (HAZMAT) are important for the daily production of cities, while the
undesirable harmfulness they represent cannot be neglected. Many incidents of HAZMAT contamination
have occurred during the processes of transportation, leading to serious consequences to the society.
According to the statistics of the US Department of Transportation [1], there were 140,742 HAZMAT
transportation incidents on roads in the decade 2004-2013. Hence, it is rather essential to mitigate
risk in the process of HAZMAT transportation, especially for urban areas with many population
centers. These centers include schools, hospitals, resident communities, and so on. For a HAZMAT
transportation route, the risk to population centers along the way should be reduced as much as
possible. Hence, it is necessary to solve the routing problem using accurate mathematical methods in
which optimization approaches take the majority of research field.

In fact, there have been quite a few studies on routing for HAZMAT transportation by different
modes. For the design of HAZMAT transportation networks, Kara and Verter proposed a linear
integer bi-level programming model that could be transformed to a single mixed integer form by
Kuhn-Tucker constraints [2]. For the mitigation of global risk, Erkut and Alp proposed a spanning
tree to cover the large gathering area [3]. In a bi-level programming model solved by a heuristic
algorithm, two optimization objectives were risk and transit cost [4]. Moreover, a path-based approach
for HAZMAT transport network design was proposed by Verter and Kara [5]. Bianco et al. studied a
bi-level programming model, in which the upper level was to minimize the maximum risk among
certain links and the lower level was minimizing the total risk [6]. Xie et al. proposed the multi-modal
HAZMAT routing problem based on an integrated model consisting of practical constraints [7].
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Furthermore, a game-theoretic approach for regulating HAZMAT transportation was developed [8].
Fan et al. made an urban HAZMAT transportation model with road closure consideration to deal with
traffic restrictions [9]. Bronfman et al. developed the max-min HAZMAT routing problem to ensure
security along transport routes [10].

In addition, there has been some research on transportation network optimization by economic
measures, such as studies on social welfare and toll policies [11-13]. To facilitate capacity planning,
assessment, and querying activities in multi-modal HAZMAT transportation systems, Bevrani et al.
developed a comprehensive linear programming model that includes congestion functions, analytical,
structural and parametric changes [14]. Similarly, an improved multi-commodity network flow (MCNF)
model was introduced to holistically assess a multi modal transportation system and to identify the
optimal flows achievable [15]. Taking uncertainty scenarios into consideration, a reliable multi-modal
multi-commodity model was made by Mohammadi et al. [16]. Taslimi et al. designed a comprehensive
modelling framework for HAZMAT transport network design, HAZMAT response team location and
equity of risk [1]. Moreover, Hosseini and Verma proposed a Value-at-Risk approach to routing rail
HAZMAT shipments [17]. Fontaine and Minner introduced the method of Benders decomposition to
solve complicated HAZMAT transport network design problems [18]. To address the impact of time
windows and fuzzy demands on route selection, Fazayeli et al. presented a two-part genetic algorithm
to obtain the optimal scheme [19]. Ghaderi and Burdett developed an integrated location and routing
approach for transporting hazardous materials in a bi-modal transportation network with stochastic
restrictions on reliability [20]. Jabbarzadeh et al. introduced an optimization approach to planning
rail HAZMAT shipments in the presence of random disruptions [21]. To deal with traffic restriction
constraints in HAZMAT transportation networks, Hu et al. made a multi-objective location-routing
model for hazardous materials logistics [22].

These studies involve various kinds of optimization objectives and decision measures. However,
there has not been a study that specializes in the problem of total risk under the condition of maximum
local risk in urban areas. Furthermore, the most closely related work with routing for HAZMAT
transportation in cities was performed by Bronfman et al., who focused on a single transportation route
for HAZMAT and the maximum distance for security [10]. In light of the demonstrated advantage of
the minimum local consequence model over previous catastrophic avoidance techniques, here we make
the first attempt to develop a method for minimizing the maximum local risk framework for urban road
HAZMAT shipments. It is important that the proposed framework is distinct from that in Bronfman et
al. in the following ways: 1) characteristics of risk criteria—for example, affected population due to
HAZMAT release in transportation incidents; 2) compared with single route planning, the application
of multiple shipments with various origin-destination pairs is a more realistic scenario; and 3) for
an optimal heuristic algorithm used for large real instances, it is necessary to incorporate iterative
characteristics in computation. Thereafter, this paper will propose an optimization method where all
transportation routes of HAZMAT were considered and the maximum local risk to population centers
was mitigated. Hence, it is necessary to make comprehensive analysis for the symmetric problem
of min-max optimization. The remaining parts of this paper are organized as follows. In Section 2,
a linear integer optimization model is established. Moreover, the corresponding heuristic algorithm
for the proposed model is made in Section 3. Furthermore, Section 4 describes a case study. Finally,
Section 5 provides the conclusions of this study and discusses future research issues.

2. An Optimization Model

In the routing for HAZMAT transportation, all routes should be planned by the authority that
focuses on the risk in urban areas. For such a practical problem, comprehensive factors are involved
under the constraints of application. Hence, some necessary hypotheses should be presented before
the description of the optimization model.
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2.1. Problem Hypotheses

In this section, the relevant factors and conditions were assumed to facilitate modelling analysis
and quantitative research. In practical applications such as decision support, this method can be further
extended by combining specific limited factors to ensure the accuracy and universality of basic theories.

Hypothesis 1: Time dimension of the problem. This optimization problem is assumed to be static, and the
time-dependent conditions are simplified. For a purpose of reasonable abstract definition, the values of dynamic
parameters are assumed to be averaged, for example, affected population due to HAZMAT shipments. If necessary,
the basic conditions are able to be expanded for more complicated planning of HAZMAT transportation.

Hypothesis 2: Connectivity of the transportation network. In this study, the basic road network is a completely
connected graph. For any shipment of HAZMAT, there is at least one path from the origin to the destination
(OD pair).

Hypothesis 3: Impact of the geographic shape. All population centers are assumed to be points in the calculation
while the corresponding sizes are ignored. Moreover, the distance from a population center to a transport link is
assumed as the Euclidean distance between the center point and the closest point on the link.

Hypothesis 4: Impact of incident possibility. It is assumed that all vehicles are in stable condition and the
probabilities of incident are unknown in the transportation network. Hence, the risk caused by HAZMAT only
consists of threatened consequences to population centers.

Hypothesis 5: Traffic conditions in the network. From a perspective of macro modelling, this study focuses on
the optimization effect of the relevant network characteristics. For the incident risk, the traffic conditions are
assumed to be optimistic. Furthermore, the probability of incident is not incorporated in the risk assessment of
this study. Moreover, the traffic conditions can be analyzed further in future studies with perspectives of micro
modelling.

2.2. Model Establishment

min Z = Z R 1)

where,

S: Set of HAZMAT shipments, indexed by s, and the number of shipments is A.
R°:  Auxiliary decision variable, maximum local risk caused by the closest link of shipment s to
population centers, unit: persons per kilometer.

Y wpf(1/dLol <R VeeN ses. @)
(ij)eA

where,

n®:  Transportation demand of shipment s, measured by the number of standardized vehicles;

i, j: Nodes of road transportation network in the urban area, and the number of nodes is ¢;

A:  Set of links of road transportation network in the urban area, (i, j) € A, and the number of links
is @;

N¢:  Set of population centers, indexed by c¢;

Population quantity of center c, unit: persons, and the number of centers is y;
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d: Euclidean distance between center ¢ and its closest point on link (i, j) of shipment s, illustrated in
Figure 1, unit: kilometers;

"/ Decision variable, which is equal to 1 if link (i, j) used for HAZMAT shipment s is the closest
link to ¢, 0 otherwise.

[

Figure 1. Illustration for the closest distance between a population center and a link.

vl <x V(i,j)eA ceN, seS. 3)
where,
ij

x;: Decision variable, which is equal to 1 if link (i, j) is used for HAZMAT shipment s, 0 otherwise.

Y o<1 veensses. @
(ij)eA
where,
vg: This notation has been explained in Formula (2).
- ), o <ul V(ij)€A ceN,s€ES. ®)
(m ) ALY <,
where,

o Referring to the definition of v;

d"": Referring to the definition of dJ.
Formula (6) offers the constraint of transit flow conservation for a link, which divides the nodes
into three types. Furthermore, Formula (7) delimits the auxiliary decision variable, and the maximum

local risk caused by the closest link of a shipment to a population center is nonnegative. Finally, it is
necessary to describe the binary constraints of decision variables in Formula (8) and Formula (9).

- ) 1 ifi=o(s)
Y - Y W=l -1 ifi=d(s) VieN,ses. ©)
(i,j)eA (ji)eA 0 otherwise

where,

o0(s): Origin of HAZMAT shipment s;
d(s): Destination of HAZMAT shipment s.
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R > 0. @)
where,

R°:  Nonnegative constraint for auxiliary decision.

X ef0,1) V(i,j)eA ses. ®)
where,
xij : Constrained to be binary.
vl €l0,1) Y (i,j)eA ceN, seS. )
where,
vg: Constrained to be binary.

3. Algorithm Design

Although there are continuous variables (i.e., R® for all shipments) in the proposed model, they only
play the role of auxiliary decision variables. This problem is a linear integer program which can be
solved by common techniques theoretically, and it does not belong to the NP-hard class. However,
the complexity of the problem not only depends on the types of variables, but also lies with the numbers
of variables and constraints. From the formulations in Section 2, it is able to be found that there are
A+ App + Ag decision variables and 2Au + 2A@u + Ae + A constraints. Thereafter, the work load of
computation is rather heavy, even for small instances in simple urban areas. Moreover, the complexity
of calculation leads to the limited application in practical operation, although the linear model with
integer variables could be theoretically solved by commercial software such as CPLEX [1]. Hence,
there is a need to explore more effective solving approaches, and feasible heuristic algorithms are also
able to be considered in depth [10]. In addition, this study has developed a heuristic calculation under
principles of minimizing the maximum local risk for all HAZMAT shipments in the urban area.

The main concept behind this heuristic algorithm is that a risk radius can be used to control
the searching step for an optimal HAZMAT shipment route. Moreover, the structure of the road
network is reconstructed in iterations where the undesirable links are eliminated one after one. Finally,
an optimal HAZMAT shipment route would be determined in the unchanged network. The item
wl, = n°p¢(1/dY,) is denoted as the equivalent local risk under the inverse impact of distance. For a
certain type of HAZMAT transported in urban areas, when there is a disruption in the shipment s,
much of the consequence would be within the zone with a certain radius y* illustrated in Figure 2.

ij

Thus, the valid local risk is represented as wg = n°p°(1/ dlcjs) dlC]S <9°. Furthermore, the maximum

4l < y°.

s —

local risk along the route of a shipment is w; = max Wy,
ce

\
P
\ /
N 7/
N 7
A N

Figure 2. Illustration for consequence scope within a radius.
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In addition, the solution of routing for HAZMAT shipments is to search for feasible route schemes
when the objective and constraints are taken into consideration. Thereafter, for a HAZMAT shipment s,
F! is denoted as the t, candidate route in the transportation network. Thus, the maximum local risk
Fl — (_m)ir}t mg , and the calculation is in accordance with the

i,j)€FL
optimization objective of minimizing the maxirrjlurh local risk for all shipments. The flow chart of the
heuristic algorithm is illustrated in Figure 3, and the corresponding detailed steps are as follows.

Initialization

[V, 4), {o(s), d(s)}, N

t =0, determine y*

to population centers along route Fé is w

@, =n'p‘(l/d})

R* =0, save F°
computation stop

v a=a-fanea

A
@ =" }

R =0"" save F" »( - )
— 2 s output
computation stop P

Figure 3. Flow chart of the heuristic algorithm.

Step1: Initialization. List the structure of the transportation network (N, A) including nodes and
links, OD pairs for HAZMAT shipments and population centers in the area.

Step1-1: Set the counter ¢ = 0, and determine the risk radius )° according to the type of
HAZMAT for all shipments.

Step1-2: VYseS, ceN (i,j) e A di’s < 9%, compute the local risk along the route of

shipment s as cuyS WhileVs €S, ce NS, (i,j) € A d’C]S >, set a)gs =0.

Step1-3: Foralls € S, (i,j) € A in the HAZMAT transportation network, compute the

maximum local risk along the route of shipment s as @ .

Step2: Initial Route. For all s € S, the Dijkstra algorithm is used to search for a shortest route between
o(s) and d(s) [23], and the route is denoted as F? for shipment s. Thereafter, the maximum
local risk to population centers along route F? is calculated as " :.

Step2-1: If ol = 0, Fg is an optimal solution route for shipment s, and R°* = 0. The
computation for shipment s stops, turn to next shipment until all shipments
are checked.
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Step2-2: If o > 0, there is possible to search for a better route. For the corresponding s € S
turn to Step 3 for computation.

Step3: Route update. The initial route is improved by the following sub-steps.

Step3-1: Vs € S, the set of links is obtained as Af = A — {(i, j)eA a)g > wft } When t =0,
Al-1 = A. Denote N! as the set of relevant nodes, and the candidate graph in tg,

iteration for shipment s is (Né,Ag). Thereafter, the counter t = ¢ + 1.
Step3-2: Vs € S, search for a feasible route F, over (Ng, Ag) between o(s) and d(s).

Step 3-2-1: If no feasible route F is found, the candidate graph in ty, iteration
for shipment s is disconnected, Fé‘l is an optimal solution route for
shipment s, and R® = wF ' The computation for shipment s stops,
turn to next shipment until all shipments are checked.

Step 3-2-2: If a feasible route F! is found, turn to Step 3-1.

Step4: Scheme check. In the completely connected transportation network, any shipment is able to
be assigned an optimal route, and all optimal routes are the final output.

It is worth pointing out that the calculation process in the algorithm is convergent, as all steps
would be finished in finite iterations. As a convergence principle, the maximum local risk to population
centers along a route should be under the condition wij > wFs. Hence, no matter how complicated the
transportation network is, the optimal route is feasible when the network is completely connected.
In addition, the application of the shortest route ensures the uniqueness of a solution, avoiding
“multi-route” generation in the iterations [24].

4. Case Study

To test the effectiveness of the proposed model and algorithm, the local area of a city in North
China was taken as the research subject. In the studied area, there were 337 nodes (numbered from N1
to N337) and 614 directed links (numbered from L1 to L614) to make up the transportation network.
Moreover, 16 population centers (including universities, large residence communities and railway
stations, numbered from C1 to C16) are regulated to be protected from undesired risk due to HAZMAT
transportation, and the relevant population values are shown in Table 1. Furthermore, there were 12
shipments (numbered from S1 to S12) with different transportation demand and OD pairs listed in
Table 2. The original assignment of computational data was taken as a reference for further calculation
and analysis.

The experimental results were organized into two parts. The first part shows analysis of a brief
comparison between the deterministic solving method by commercial software and the proposed
heuristic algorithm. The second part shows detailed sensitivity analysis with respect to the value of
risk radius due to HAZMAT transportation. In addition, the proposed model is optimally solved
by CPLEX 12.8 solver, and the heuristic algorithm is coded and implemented in MATLAB R2018b.
All solving processes were based on a PC with 4 GB of RAM. Thereafter, the main features of the
proposed model and algorithm were as follows.

Table 1. Population centers in the case network.

Center C1 C2 C3 C4 C5 (€] Cc7 (&}
Population 4270 4910 5180 7100 6850 5190 6230 10020
Center c9 C10 C11 C12 C13 C14 C15 C16
Population 9470 5960 8030 12030 7310 7210 5540 14640
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Table 2. Shipments in the case network.

Shipment S1 S2 S3 S4 S5 S6
OD pair N1-N226 N2-N305 N3-N271 N4-N225 N5-N193 N6-N236
Demand 10 15 20 25 10 15

Shipment S7 S8 S9 S10 S11 S12
OD pair N7-N164 N8-N322 N9-N150 N10-N297 N11-N148 N12-N249
Demand 20 25 10 15 20 25

Figure 4 shows the convergence of a computation process by the heuristic algorithm where the risk
radius was set as 1.0 km. As an illustration of the changing line, the objective remains unchanged after
certain descending iterations, indicating that the computation was convergent. Furthermore, for the
problem of searching for feasible routes in a connected graph, the number of links to be eliminated was
finite, and the links had to be eliminated at each step [10]. The computation converged on the optimum
solution, because it either finds a route with R® = 0, or there is no best feasible solution than the last
route found right before the problem becomes unsolvable. Moreover, the computation was polynomial,
as at every iteration the Dijkstra algorithm for the shortest route was used, which is polynomial. Hence,
the maximum number of iterations is the number of links, that is, 337 in the case network.

unit: *10° persons / kilometer
554
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Figure 4. The convergence of a computation process by the heuristic algorithm.

Ilustrated in Table 3, three indices were calculated for the comparison between deterministic
solving and the heuristic algorithm. To highlight the different impacts on computation workload,
three groups of shipments were taken into consideration. For the comparison of optimal objective,
the results by deterministic solving were better than the ones generated by the proposed heuristic
algorithm. However, the gap of calculated results tended to be smaller when the shipments are
increased. For the maximum risk of a route, the difference between deterministic solving and the
heuristic algorithm was not obvious. For the maximum risk with shipments S1-S12, there was no gap
between the two solving methods. Furthermore, it was clear that the heuristic algorithm takes less
run time for computation. In addition, the more the shipments were, the long run time was. On the
whole, the deterministic solving by CPLEX 12.8 achieved better solutions than the proposed heuristic
algorithm, but the gap was reduced when the shipping demand increased. Meanwhile, the proposed
heuristic algorithm has an advantage on run time compared to the deterministic solving, and the
difference was rather obvious when there are more shipments.
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Table 3. Comparison between deterministic solving and the heuristic algorithm. (Risk radius = 1.0 km).

Deterministic Solving The Proposed

Index Shipment Set by CPLEX 12.8 Heuristic Algorithm ~ O2P
Optimal obiective S1-54 0.6335 x 10° 0.7156 x 10° 12.97%
P ) S1-S8 1.3371 x 100 1.5075 x 100 12.74%
(persons/km) . .
S1-S12 1,9268 x 10 2.1619 x 10/ 12.20%
s S1-54 25083 x 10° 2.6241 x 10° 4.62%
Max R° 5 5 o
(persons/km) S1-S8 2.5083 x 10 2.6241 x 10 4.62%
S1-S12 2.7358 x 10° 2.7358 x 10° 0.00%
S1-54 1.8729 x 10* 0.8461 x 10* 121.36%
Run time (s) S1-S8 3.6114 x 10* 1.3715 x 10* 163.32%
S1-S12 5.3782 x 10* 1.9295 x 10* 178.73%

As shown in Table 4, the risk radius ) takes significant impact on the calculated results by the
proposed heuristic algorithm. From the general trend, both the optimal objective and the maximum
local risk decreased with the increasing risk radius. The results indicate that when the value of risk
radius was very large, more population centers were likely to be influenced by the risk due to HAZMAT
transportation, thus the relevant routes of shipments should be planned away from the population
centers as far as possible. Thereafter, the corresponding results would be better than the ones with
smaller risk radiuses. However, when the risk radius was y°> 2.5, the results remained unchanged,
as there was no feasibility for planning more optimal routes. In addition, the following analysis will
focus on the impact of risk radius on computation efficiency.

The illustration in Figure 5 shows the impact of risk radius on computation efficiency, including
run time and critical iteration in the computing process. It can be inferred that the computation
efficiency decreased with the increasing risk radius, as the difficulty of searching for optimal routes
was raised. Moreover, the risk radius for calculation should be determined in accordance with practical
demands. Furthermore, it is worth pointing out that computational experiments with parallel values
of risk radius are able to be taken into consideration.

Table 4. Impact of risk radius on optimal indices (Shipment set S1-S12).

Risk Radius (km) Optimal Objective (persons/km) Max R® (persons/km)
0.5 2.2348 x 10° 3.0155 x 10°
1.0 2.1619 x 10° 2.7358 x 10°
1.5 2.0862 x 10° 25183 x 10°
2.0 2.0047 x 10° 2.4924 x 10°
25 1.9490 x 100 24418 x 10°
3.0 1.9205 x 100 2.3561 x 10°
35 1.9205 x 10° 2.3561 x 10°
4.0 1.9205 x 10° 2.3561 x 10°
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Figure 5. Impact of risk radius on computation efficiency (Shipment set S1-512).
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5. Conclusions

For the problem of routing for HAZMAT shipments in urban areas, this study develops an
optimization model with a heuristic algorithm. To ensure the safety and security of population centers,
the maximum risk due to HAZMAT transportation should be mitigated as much as possible. Thus,
the objective of min-max local risk is proposed, and the service of a link for HAZMAT transportation is
taken as the key decision variable. Moreover, in consideration of the work load of solving the model
under a lot of decision variables, a heuristic algorithm was designed to obtain an optimal solution.
Thereafter, a case study was made to testify the proposed model and algorithm, and the results
were compared with the ones by deterministic solving approaches. This paper makes a three-fold
contribution: 1) this is the first work that incorporates the characteristics of maximum local risk
to population centers, and then outlines a min-max optimization model to mitigate risk from road
HAZMAT shipments in urban areas; 2) this is the only effort that proposes multiple shipments with
multiple routes to plan urban HAZMAT transportation using the optimal configuration of avoiding
local consequence; and 3) this is the only work that demonstrates that the proposed methodology
not only facilitates single population-averse routing of urban HAZMAT shipments, but can also
deal with more kinds of risk based on the criteria preference (or tolerance) of the decision makers.
In addition, this research is able to be effective reference for authorities on the management of HAZMAT
transportation in urban areas.

In this research, more kinds of deterministic solving approaches are able to be considered.
Furthermore, the proposed modelling method has not achieved the impact of some factors, such as
vehicle type and geographic shape of population centers. This situation should be improved in future
studies. Moreover, applying the emergency response is worthy of exploration, including relevant
location and service assignment. In addition, incident probabilities could be analyzed in depth, in order
to describe the problem comprehensively.
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Abstract: In this paper, a high-precision image authentication scheme for absolute moment block
truncation coding (AMBTC)-compressed images is presented. For each block, two sub-bitmaps are
conducted using the symmetrical separation, and the six-bit authentication code is symmetrically
assigned to two sub-codes, which is virtually embedded into sub-bitmaps using the matrix encoding
later. To overcome distortion caused by modifications to the bitmap, the corresponding to-be-flipped
bit-location information is recorded instead of flipping these bits of the bitmap directly. Then,
the bit-location information is inserted into quantization levels based on adjusted quantization level
matching. In contrast to previous studies, the proposed scheme offers a significantly improved
tampering detection ability, especially in the first hierarchical tampering detection without remediation
measures, with an average tampering detection rate of up to 98.55%. Experimental results show that
our approach provides a more stable and reliable tampering detection performance and sustains an
acceptable visual quality.

Keywords: image authentication; AMBTC; matrix encoding; adjusted quantization levels matching

1. Introduction

Recently, as engineering technology has rapidly developed, the performance of computers has
become increasingly stronger in terms of computing ability, storage capacity, etc. At the same time,
the higher transmission capacity offered by wired/wireless networks allows users to share data
anywhere, anytime. Obviously, digital images can be conveniently and transparently transmitted via
the Internet; however, the Internet cannot always promise reliable and secure transmission, since it
is openly accessible. In other words, it is easy for an intruder to intercept data transmitted over the
Internet and then corrupt them, intentionally or non-intentionally. For example, attackers can insert
vulgar words into a digital image in an imperceptible manner. Such malicious behavior presents a
huge challenge to the security, usability, and integrity of personal information. Therefore, it is urgent
to protect the integrity and verifiability of the digital image. Under this scenario, it is expected that a
technique is provided to solve this problem.

Researchers have conducted a series of scientific studies on image authentication. Roughly,
authentication methods can be classified into two categories: Digital signature-based methods [1-4]
and digital watermark-based methods [5-31]. Generally, the digital signature-based method performs
the encryption of the hashed results of the features of the image using a private key to form a
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unique signature, which will be used later for authentication. The process of authentication can be
implemented by comparing the hashing result of the image under question and the original hashed
version, which can be decrypted from the signature using an associated public key. By this way,
the digital signature-based method performs well on image authentication because it is extremely
sensitive to any kind of modification to the image, even if only one bit has been modified. Sometimes,
the digital image may be allowed a little distortion in some applications, as long as the tamper regions
can be localized precisely. Unfortunately, the digital signature-based method is not workable under
this scenario.

The digital watermark-based method imperceptibly embeds relevant or irrelevant information
called the authentication code (AC) into a digital image. The digital watermark-based method includes
three categories: Fragile, semi-fragile, and robust watermarking. Of these, fragile watermarking
embeds the authentication code into the cover image and makes it very sensitive to the modification
of the image so that it can be used to verify its authenticity. In the authentication phase, receiver(s)
can judge whether the image has been tampered with by comparing the extracted and recalculated
authentication code. If they are the same, the received image has not been tampered with, and
vice versa.

In recent decades, several forms of fragile watermarking-based image authentication have been
proposed. An early fragile watermarking-based method was proposed by [5], where the authentication
code is generated from the parity check of the pixel value and embedded into the least significant
bit (LSB) of the original image. A possibility of false judgement exists since the tampered 1 LSB
could be the same as the computed parity check value of the tampered 7 most significant bits (MSBs).
Other fragile watermarking methods based on cryptographic theory were presented by [6-8]. Here,
authentication codes are derived from a hashing function with various inputs, such as the image
content, image index, block index, and pseudo-random number. These methods offer acceptable
tampering detection performance. However, some of them could not withstand a vector quantization
attack [9] or the tampering coincidence problem [10]. To overcome those problems, other fragile
watermarking strategy-based block mappings were proposed by [11-16]. In these schemes, the original
image is divided into non-overlapping blocks and the authentication code is generated by employing
different kinds of technologies for each block, including the discrete cosine transform (DCT)-based
method [11,12], the singular value decomposition (S5VD)-based method [13,14], and the coding-based
method [15,16]. Then, the authentication code of block is scrambled, mapped to the other block,
and then inserted into it. The block mapping is one-to-one. Verification is conducted by comparing the
extracted and recalculated authentication code. These schemes [11-15] also adopt a multi-hierarchical
tampering detection strategy to improve the tampering detection rate; for example, a first hierarchical
tampering detection strategy is used to initially identify the tampered area and a second hierarchical
tampering detection strategy serves as a remediation measure. As a consequence, these approaches
have high precision in tampering detection. Hence, their schemes make it more probable that the
tampering region can be restored with respect to satisfactory recovered image quality.

Image authentication technology is also widely used in the compression domain. The aim of image
compression algorithms, such as joint photographic experts group (JPEG) [17,18], vector quantization
(VQ) encoding [19,32], and absolute moment block truncation coding (AMBTC) [33], is to reduce the
size of an image to alleviate the burden of data communication. Of these, AMBTC is a variation of block
truncation coding (BTC) [34]. Considering the BTC family is simple and less computationally complex
while AMBTC offers better image quality than BTC, many scholars have proposed image authentication
schemes for either BTC- or AMBTC-compressed images in the last decade. In 2004, Tu and Hsu [20]
proposed a copyright protection scheme for digital images based on BTC. The authentication code,
called the ownership share, is constructed by combining the determined authentication code with
the binary image generated from the permuted host image using BTC. It is stored by a trusted third
party for future authentication. On average, this scheme can extract the authentication code at around
92.13%. In 2009, Jiang et al. [21] proposed a fragile watermarking method that inserts the authentication
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code into the host image according to the parity of the reconstruction levels of the BTC quantizer.
In 2011, Yang and Lu [22] proposed an image authentication method using BTC. Their authentication
code is embedded into the block according to the odevity of the number of ‘1’s in the bitmap. If the
authentication code bit is ‘1’, the number of ‘1’s in the bitmap is made odd by changing, at most,
the three-pixel value of the block. If the authentication code bit is ‘0, the number of ‘0’s in the bitmap
is modified following a similar rule. In the tampering detection phase, the authentication code can be
extracted according to the odevity of the number of ‘1’s in each block. In 2013, Hu et al. [23] proposed a
fragile watermarking method based on AMBTC. In their approach, the authentication code is derived
using a pseudo-random generator. For each block, the corresponding bitmap is further divided into k
sub-bitmaps with the same size. Then, based on the idea of bit-flipping in [35], each sub-bitmap is
used to carry a one-bit authentication code by adjusting the parity of the number of ‘1’s to make it
equal to that of the one-bit authentication code. Moreover, to achieve the better image quality, the most
suitable flipping bit was determined using the least distortion criterion [24]. Besides, two quantization
levels are recomputed to further improve the quality of the compressed image block. The renewed
AMBTC compression codes are further compressed using the linear prediction technique and the
Huffman coding technique to cut down the storage cost of the AMBTC compression codes. Among
these methods [22,23], weaknesses have been noted, in that changing the bitmap may further distort
reconstructed image quality.

To solve this problem, Hu et al. [25] in 2013 proposed another image authentication scheme
for BTC-compressed images. For each image block, the AC was thus embedded into quantization
levels by adjusting the k-bit parity value of their difference to be the same as the k-bit AC. In 2014,
Nguyen et al. [26] discovered the mean square error provided by scheme [25] was increased because
of adjustment of the quantization levels. Thus, a reference table was designed to carry the AC to
achieve a better image quality. The PSNR provided by their scheme is around 32.43 dB. In the same
year, Lin et al. [27] adopted the odevity of the bitmap of AMBTC compression codes to derive the
authentication code and then inserted the authentication code into the quantization levels. To enhance
the security of the authentication code, the embedding position of the authentication code would
be selected with the aid of a pseudo-random sequence. For tampering detection, a two-hierarchy
tampering detection strategy is employed to increase performance. In the end, 15 of 16 tampered blocks
can be successfully detected when each block carries a four-bit authentication code. Compared to Hu
et al. [23], the method proposed by Lin et al. [27] has better visual quality and good detection accuracy.
In 2016, Li et al. [28] proposed a novel image authentication scheme to verify the integrity of the
AMBTC-compressed image. For each block, the authentication code is inserted into the quantization
levels according to the determined reference matrix. The length of the to-be-inserted authentication
code can be flexibly decided as the user requires. In this way, their true detection ratio is close to
93.75%, while the authentication code is designed as four bits. For these schemes [25-28], there is room
for improvement in detecting the compression codes’ attack and collage attack.

To achieve this goal, in 2017, Lin et al. [29] proposed a hybrid image authentication method to
protect the integrity of the AMBTC-compressed image. To begin with, they considered the bitmap of
the smooth area rather than the complex area as more suitable for parity-check coding [36]. Hence,
their scheme first classified the image’s blocks into two groups: Smooth and complex. For the smooth
group, they forced the parity of the sub-bitmap to match that of the to-be-embedded authentication bit
using the bit-flipping technique. For the complex block, on the other hand, the authentication code is
embedded into the quantization levels according to a reference table. The different traversal sequence,
decided by the number of “1’s in a bitmap, is chosen as the hiding sequence to carry the authentication
code. In the tampering detection phase, a hybrid strategy is used to ensure superior localization
accuracy along with better visual image quality. Experimental results confirm Lin et al.’s scheme
outperforms previous schemes on the image quality of watermarked images and tamper detection.
However, it is a little regrettable that the scheme [29] did not completely solve the compression
codes” attack. Hence, in 2018, Hong et al. [30] proposed an efficient image authentication method for
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AMBTC-compressed images using adaptive pixel pair matching. In their scheme, image blocks are
classified into edge and non-edge blocks using a predetermined threshold. For each block, the bitmap
and location information are inputted into a hashing function to generate the authentication code.
The length of the authentication code ranges from one to four bits and can be flexibly determined,
according to the type of image block. Then, the authentication code is embedded into the quantization
levels using an adaptive reference table. Their scheme significantly reduces image distortion caused
by embedding the authentication code and provides a lower false detection rate, averaging at 0.17%.
However, their embedding strategy could break the natural relationship between high and low
quantization levels; thus, it can only confirm the authenticity of AMBTC compression codes rather
than being effective for AMBTC-compressed images. Additionally, their embedding strategy does
not always guarantee the minimum distortion for an embedded edge block because a predetermined
distance between two quantization levels must be maintained after authentication code embedding.

The same year, Hong et al. [31] proposed two image authentication schemes, i.e., LSBP and
MSBP, for tampering detection for AMBTC compression codes. For each block, their schemes can
embed an (2 + b)-bit authentication code generated from the bitmap and quantization levels’ MSBs.
LSBP is a strategy that embeds the a-bit authentication code into a high quantization level and the
b-bit authentication code into a low quantization level using LSBs replacement. Due to the rough
embedding strategy, MSBP is suggested to minimize distortion using an MSBs perturbation technique.
Their schemes have the ability to achieve a tampering detection rate of more than 93.75%. However,
in a few cases, their scheme fails to authenticate the watermarked image due to having broken the
natural correlation between quantization levels.

Table 1 gives summaries of those authentication schemes [23,25-31]. In short, some of them [26,
28-30] need to store a reference matrix during the AC embedding and authentication phase, and some
schemes [23,25-29] have a limitation against the compression codes’ attack or collage attack. Also, most
existing methods [23,26-30] have the weakness that the upper bound of their first hierarchical tampering
detection accuracy is around 93.75%. Hence, most of them employ a second hierarchical tampering
detection strategy, such as neighborhood elimination, to improve the tampering detection rate.
To overcome those problems, this paper proposes a novel image authentication scheme that protects
the integrity of both AMBTC compression codes and AMBTC-compressed images. The proposed
scheme does not need a reference matrix during AC embedding and extraction and can resist both the
compression codes’ attack and collage attack. Our approach achieves a higher tampering detection
rate in the first hierarchical tampering detection round without a remediation mechanism and sustains
acceptable visual quality.

Table 1. Comparisons of the proposed scheme and other schemes [23,25-31].

Tampering Detection Requirement of el
Methods Result for First Stage (%) Reference Matrix Main Limitation
Scheme in [23] 93.75 No
Scheme }n [25] 96.87 No Compression codes” attack,
Scheme in [26] 93.75 Yes Collage attack
Scheme in [27] 93.75 No 8
Scheme in [28] 93.75 Yes
Scheme in [29] 93.75 Yes Compression codes’ attack
Scheme in [30] 93.75 Yes More computation
Scheme in [31] 98.50/99.61 No Collage attack
Proposed scheme 99.85 No -

The rest of this paper is organized as follows: We briefly review related works in Section 2,
including AMBTC compression technology and matrix encoding; in Section 3, we describe the proposed
scheme in detail; in Section 4, we perform a series of experiments to show the performance of our
approach; finally, we provide conclusions in Section 5.
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2. Related Works

In this section, we first introduce the AMBTC compression technique for an image in Section 2.1
and then look at the matrix encoding for data hiding in Section 2.2.

2.1. AMBTC Compression

In some cases, to increase the speed of transmission, users have to reduce the size of the digital
image in advance with compression techniques, whether lossy or lossless. AMBTC is a widely used
compression technology due to its simple computation [33]. Meanwhile, AMBTC is a variation of
BTC [34] with better reconstructed image quality. Assume there is a to-be-compressed image, I, of X x
Y pixels. The image, I, is thus divided into x - y non-overlapping blocks, with the size of each block
being w X w pixels. In general, w is set to 4 in both BTC and AMBTC. Assume p(1, 1), p(1,2), - - - » P(1, w);
P, 1) P2,2)r -+ s PQw)s ++ 5 Plw, 1) P(w,2) - - » P(w, w) are the pixel values of each block. The detailed
process of AMBTC compression is described as follows. First, the average, u, of those pixels” values in
a block is calculated by:

w w
b= D e @
r=1c=1
where p(;, ) is the pixel value of a block in the to-be-compressed image, I.
According to the average value, 1, the pixels in a block can be partitioned into two subgroups
according to the following rules:

{ P(re) € Gsp, if Pre) <t ?
Ggy, if >
Pre) € Gs1, U Py 2 |y

where 1 <r,c <w, Gg is a subgroup that contains all pixels whose values are lower than the average
value, p, and Gg is a subgroup that contains the pixels not included in Ggg.
Later, the average value for each subgroup is calculated as follows:

1

ZZE Z P(re)r ®3)
P(r0)€Cs0
1

h:E Z P(r.c)s @)
P(r,c)€Gs1

where ko, k; are the numbers of pixels in the subgroups, Ggo, Gs1, respectively, and kg + ky =k, k=w -
w. Here, & is the high quantization level and !/ is the low quantization level. A bitmap (bm) for the
current block is generated based on the following rules: (1) If the pixel belongs to the subgroup, Gso,
its corresponding position in the bitmap is marked ‘0’; (2) if the pixel belongs to the subgroup, Gs1,
its corresponding position in the bitmap is marked ‘1’. The generation rule for the bitmap is described
as follows:

by, ) = { ?’Z“’C) 2 SSO
7 P(re) S1

In this way, the AMTBC compression code for one block is derived in the form of a trio (k, I, bm).
On the receiving side, the decoding process is quite simple. A reconstructed block can be derived
based on the following rules:

,for1<rc<w. )

1, if bm =0
P (ro)
Pee) { h, if b, =17 forl<rc<w, ©)

where p’(, . is the pixel value of the reconstructed image. Once all blocks have been processed by
Equation (6), the reconstructed image is obtained.
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2.2. The Matrix Encoding

The (7, 4) Hamming code [37,38] was invented in 1950 by Richard Hamming as a linear
error-correction code. The basic idea of the (7, 4) Hamming code is that some attached information,
i.e., three parity check bits, are added to the original four-bit data. As a result, the recipient can detect
and correct a single-bit error with the help of the parity check matrix, H, as shown in Equation (7).
The result of the equation (H x RCWT)T indicates where the error bit occurs, with RCW representing
the received codeword. Assume a codeword that meets the verification rules is CW = (1101001), and the
received codeword is RCW = (1100001), and the syndrome vector, zT = (1007, is equal to the fourth
column of the parity check matrix, H. This means that a single-bit error is detected and the error bit in
this RCW is in the fourth position.

z = (HxRCWT)"

1.T
1
000 11 11 0
= 011 00 1 1]|x| o0 7)
101 01 01 0
0
1
= (100).

Based on the (7, 4) Hamming code, Ron Crandall proposed an efficient embedding method known
as matrix encoding [39]. In matrix encoding, for a (1, 1, k) code, the n modifiable bit-places are used to
carry the k-bit secret message by flipping at most one modifiable place, where n = 2¥ — 1. In this paper,
we pay more attention to the (1,7, 3) code.

First, a coset of the (7, 4) Hamming code with a parity check matrix, H, is constructed, as shown in
Table 2. To show the embedding process intuitively, an example is given as follows.

Table 2. The cosets of the (7, 4) Hamming code with the parity check matrix, H.

ID 0 1 2 3 4 5 6 7

Syndrome 000 001 010 011 100 101 110 111
Cosetleader 0000000 1000000 0100000 0010000 0001000 ~ 0000100 0000010 0000001

Let us assume the to-be-embedded message is S = (s, s, s3) and the cover vector is CV = (cy, c3,
€3, €4, C5, Cg, C7). The details of the embedding process are as follows.

Step1l: Compute M = (H X CVT)T to derive vector M.

Step2: Calculate the syndrome vector,z = M & S.

Step 3: Search for the same syndrome value as z in Table 2, then the gth column can be located, where
0 < g < 7. The corresponding identifier (ID) is also g, which is the to-be-flipped bit-location
later in this paper. At the same time, the corresponding coset leader vector is mapped as e;.

Step4: Change the gth bit of the cover vector CV by CV’ = CV @e,. Note that if the syndrome value,
z = (000) or g = 0, then there is nothing to be changed; that is, CV’ = CV.

Finally, the embedding process ends and CV” carries the three-bit secret message. The decoding

process is simple, using S’ = (H X (CV’)T)T, where S’ is the extracted message and is the same as the
secret message S, as long as no error occurred.

For example, assume S = (101) and CV = (1101001). The computed M is (000) and the syndrome
z is (101). By searching Table 2, the fifth column is located, ID = 5 is found, and its corresponding
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coset leader, e5 = (0000100), is determined. Finally, the embedding process is carried out and the
cover vector, CV, is changed to CV” = (1101101). For the recipient, the secret, S’, can be extracted by

T
S = (H x (CV’ )T) = (101). That is to say, the seven-bit cover vector can carry the three-bit message
by changing at most one bit.

3. Proposed Scheme

To increase the tampering localization accuracy after the first hierarchical tampering detection,
the bitmap carries more authentication code for each block using the matrix encoding scheme.
Meanwhile, to overcome the distortion caused by changing the bitmap, the corresponding to-be-flipped
bit-location information, G, is recorded instead of flipping this bit of the bitmap directly. Then,
this bit-location information is embedded into the quantization levels based on adjusted quantization
level matching. Finally, a flowchart of the authentication code generation and embedding is shown in
Figure 1. Besides, to better present the proposed scheme, the main symbols used in this paper and
their definitions are listed in Table 3.

Original
image I AMBTC (H,L,BM) AMBTC
—* Compression Compression Code
Preprocessing
BM and location information (H,L,BM) (AL
BM Embedding
To-be-flipped H
Authentication bit-location N — i
Hash code AC Matrix information G |Adjusted Quantizationf: v ormarked
E . Encoding Based Level Matching Based [F— ;..o 1
‘unction > o H image
Data Hiding Data Hiding H
Figure 1. Flowchart of the authentication code generation and embedding.
Table 3. Main symbols used in this paper and their definitions.
Symbols Definitions Symbols Definitions
I Original image WI Watermarked image
H Parity check matrix ™ Tampered map
h High quantization level for a block in I H Asetof h
1 Low quantization level for a block in I L Asetof
bm Bitmap for a block in I BM A set of bm
i Preprocessed high quantization level a Asetoffi
I Preprocessed low quantization level L Asetof [
b Preprocessed bitmap BM A set of bin
n High quantization level for a block in WI H’ A setof I’
r Low quantization level for a block in WI L Asetof I’
bm’ Bitmap for a block in WI BM’ A set of b’
81,92 Bit-location information of a block ac Authentication code for a block

3.1. AMBTC Compression and Preprocessing Phase

In this paper, the original image, I, is divided into non-overlapping blocks, and then the AMBTC
compression technique as mentioned in Section 2.1 is performed for image block compression. As a
result, AMBTC compression codes are derived and denoted as (H, L, BM), where H, L, and BM represent
the sets of high quantization level, low quantization level, and bitmap, respectively. For convenience,
let us assume (1, [, bm) is a triple of AMBTC compression codes for one block. The preprocessing of the
AMBTC compression code for a block is done as follows:

291



Symmetry 2019, 11, 996

[=1, h=h+1, bm=bm&bmg, =0, ifl=h=0,
[=1-1, h=h, bm=bm&bm,, =0, if0<I=h <255 (8)
I=1, h=hn bm=>bm, ifl#h,

where 1 and v are constants, and fz, i, and b are the high quantization level, low quantization level,
and bitmap of a preprocessed AMBTC compression code, respectively. After all blocks have been
preprocessed in the same way, the preprocessed AMBTC compression codes (F, L, BM) were obtained.
Note that the b, ) should not be used in the embedding procedure. In our experiments, (u, v) is set
to (3, 1), based on experimental results.

We preprocess to check whether the /1 is equal to [. If it is, the bits in the bm are all equal to ‘1’
and the preprocessing should thus be conducted; otherwise, nothing should be done. Preprocessing
ensures the recipient can obtain the same AMBTC compression codes from the reconstructed image,
as long as no malicious attack occurs. Two examples of preprocessing are the red dotted squares shown
in Figure 2. In Figure 2a, since / is not equal to [, the AMBTC compression code remains the same
(fz, i b;n) = (h,1,bm). Meanwhile, in Figure 2b, since / is equal to [, the AMBTC compression code is

preprocessed as (fz, i h;n) = (h,l -1,bm & bm(3,1) = O).

To-be-flipped

CVI=(0011011)  pp g (cymynyr =101 =M & ac! bit-location:
— _ —_—
=(110) =(011) &3
b of (h=162, 1=154, bm) bm of (h=162,1 =154,bm)
(1,1)| (L4)
0 0 1 1 0 0 1 1
0 1 1 1 (None modification) 0 1 1 1
0 ! ! 0 i:J,]:r:h,b;r:bm 0 ! ! 0
0 1 0 0 0 1 0| o
(44)
M =(H~ (CVv®)N)T ac?=(010) =M & ac? To-be-flipped
> - _— —— bit-location:
CV2=(1100100) (110) ~(100) bit-location:
84
(a)
To-be-flipped
CVI(I11111D)  pop o cvynr  4e-(101) 2=M @ acl bit-location:
— - .
=(000) =(010) 8i=2
brnt of (h=162, [=162, b) bie of (h=162,1 = 161,bm)
(L1 (L4
1 1 1 1 1 1 1 1
1 1 1 1 (Modifications) 1 1 1 1
L I =i Lh=hbm, =0 0 I N
1 1 1 1l 1 1 1 1
bitls ) M =(H« (CV)HT  ac?=(010) 2=M & ac? To-be-flipped
— —_— —_— .
CVA-(1111111) (000) =(101) bit-location:
875
(b)

Figure 2. Examples of preprocessing and generation of the to-be-flipped bit-location information when
(@h#L(b)h=1&I1+0.

3.2. Authentication Code Generation Phase

After the processed AMBTC compression code is generated, for each block, our approach
generates a six-bit authentication code by feeding the block’s b and location information into a hash
function. This six-bit authentication code is further separated into two three-bit sub-codes, which are
embedded into the bitmap using matrix encoding. Let us assume that the binary form of a six-bit
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authentication code is ac = (acy, acy, acs, acy, acs, ace); the first three-bit sub-code is then defined as act =

(ac%,ac%,acé) = (acy,acy,ac3) and the second three-bit sub-code as ac®> = (ac%,ac%,ucé) = (acy, acs, ace).

3.3. Embedding Phase

The flowchart of the authentication code embedding phase is shown in Figure 1. First, the authentication
code is embedded into the bitmap. In fact, we only record the to-be-flipped bit-location information.
No modification has been done in bm, as will be described in Section 3.3.1. Second, the to-be-flipped
bit-location information is inserted into the two quantization levels, as will be described in Section 3.3.2.

3.3.1. The Matrix Encoding Based Data Hiding

After authentication code generation and AMBTC compression codes’ preprocessing,
the authentication code will be embedded into the bitmap for each block. The algorithm of the
embedding process is described as follows.

Input: Original image, I.

Output: To-be-flipped bit-location information, G.

Step 1. Divide the original image, I, into non-overlapping blocks by a size of 4 X 4 pixels.

Step2. Generate the AMBTC compression codes (H, L, BM) for the image, I, as explained in Section 2.1.
For each block, assume its preprocessed AMBTC compression code is (f, I, bin).

Step 3. Generate the authentication code, AC, as explained in Section 3.2. For each block, assume the first

three-bit sub-code is ac! = (ac%, ac;, ac;) and the second three-bit sub-code is ac? = (ac%, acg, acg).
Step4. Extract the first seven bits of b as the first cover vector, CV! = (cv%, cvl, col, col, col, col, cv;)

= (bmq, 1), bm, 2), bmq, 3), bmq, 4y, bm, 1y, b, 2), bz, 3)). Extract the last seven bits of bm as

2 .2 .2 .2 2 .2 2 _
1/ €03, CU3, CUY, CUZ, cvé,cv7) = (bm, 2), bm(3, 3), bm3, 4y, by, 1y,

the second cover vector, CV? = (cv
bm<4, 2)s bm(4, 3) bm(4, 4)),

Step 5. Perform matrix encoding, as explained in Section 2.2, to embed the first three-bit sub-code,
acl, into the first cover vector, CV1, then derive the to-be-flipped bit-location, g;. The second
three-bit sub-code, ac?, is embedded into the second cover vector, CV2, and then used to
derive the to-be-flipped bit-location, g». Note that we only record the to-be-flipped bit-location
information but nothing is modified for the bm. Hence, for each block, two-tuple location
information (g1, g2) can be derived.

Step 6. Perform Steps 2 to 5 until all blocks have been processed.

Step7. Output all location information (g1, g») for each block to the to-be-flipped bit-location
information, G.

Step8. End.

After matrix encoding is completed, the to-be-flipped bit-location information, G, is obtained.
We provide two examples to demonstrate the generation of the to-be-flipped bit-location information,
as shown in Figure 2. In Figure 2a, the first seven bits of b are recombined as the first cover vector,
CV', shown in purple. The last seven green bits comprise the second cover vector, CV2. Later, matrix
encoding is conducted, as described in Section 2.2, and then the two-tuple location information (g1 =
3, $» = 4) will be derived and used as the to-be-hidden message in the next section. In this case, the
AMBTC compression code is not changed. Similarly, Figure 2b presents a special case, i.e., I is equal to
I and all bits in bm are 1. Thus, the preprocessing of the AMBTC compression code should be done,
as described in Section 3.1; i.e., | is decreased by 1 and the bm 3 1 is set to 0. In this case, [ and bm
are slightly modified. Also, two-tuple location information (g1 = 2, g» = 5) will be derived and used
as the to-be-hidden message in the following phase. The yellow grid represents the chosen b3 1),
as described in Section 3.1.
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3.3.2. Adjusted Quantization Levels Matching Based Data Hiding

After the matrix encoding procedure, the two-tuple to-be-flipped bit-location information, G,
is individually inserted into two quantization levels. The algorithm of the adjusted quantization level
matching-based data hiding is described as follows.

Input: Preprocessed AMBTC compression codes (A, £, BM), to-be-flipped bit-location information, G.

Output: Watermarked image, WI.

Step 1.
Step 2.
Step 3.

Step 4.

Step 5.

Step 6.

Get a triple (f1, I, bin) for one block from preprocessed AMBTC compression codes (H, L, BM).
Get the corresponding to-be-flipped bit-location information (g3, g») for this block from G.
Calculate the factors for /i and [ for the current block by:

| ©)

Hal

where f;, and f; represent the factors of ft and [, respectively.

2 —~R2=

Calculate the remaining values for /i and [ for the current block by:

v = ['mod 23, (10)

{ o, = hmod 23,
where vy and o) represent the remainder values of /1 and [, respectively.
Perform adjusted quantization level matching-based data hiding. If the remainder, rvy, is equal
to g1, the matching work of f1 is done; otherwise, the candidates at the quantization level, I,
should be adjusted by:
h :fh -2 + 81,
423, ifhy <h,
hp =14 =23, ifhy >h,
I, ifhy =h,

an

where 17 and &, are the candidates at the quantization level, f1. Here, if hy is lower than zero or
higher than 255, h, must be set to 1. Similarly, if the remainder, rv}, is equal to g», the matching
work of [ is done; otherwise, the candidates at the quantization level, i, should be adjusted by:

I :f[-23+g2,
L +23, ifly <]
L=11-2 ifl;>1]
I, ifly =1,

12)

where [; and I, are the candidates at quantization level I. I, must be set to I if I, is lower than
zero or higher than 255.

Let hier = hy and I = I, be the final, selected solution under the constraint of the least distortion,
dist(g ), which can be calculated by:

4 4 2 =
. (p(rC) —ha)” if bm(”) =1
dist(,p) = ’ if bm ) = 4
(a,b) Z Z{ (p(frf) lb)z ifb (r,e) 0,

wherea,b € [1,2], hy € [, 1), 1y € [lh, o). Besides, in a few cases, this situation may happen,
that is, h will be equal to Iy, then hr or Iy will be forced to be justified once again by the
following rule:
_ 3
{l,:f—lcf—z, lflcf>247, (14)

hep = hep + 23, otherwise.
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Step 7. Perform Steps 1 to 6 until all blocks have been processed.

Step 8. Output the watermarked AMBTC compression code for each block, and the watermarked
image, WI, is achieved.

Step9. End.

An example is given to show the detailed processing of the adjusted quantization level matching-
based data hiding in Figure 3. Here, for convenience, we assume dist( 1) is the least distortion after
calculation using Equation (13) in this example.

1— (1) of (h,1,bm —1

h=177 ]-133

fu=22,r0,=1 fi=16, 10=5

81 (8173, 874) _ &
hi=f,2%g,=179, N 1= f+234¢,=132,

hy=hy-23=171 1,=1,+23=140
Assume dist ;)is
the least distortion:
th h,=179,
1=1,=132.

Figure 3. Example of adjusted quantization levels matching based data hiding.

3.4. Tampering Detection Phase

Once the recipient receives the watermarked image, WI, or the watermarked AMBTC compression
codes, the precise tampering detection can be done in respect to whether the tampering occurred or not.
Figure 4 depicts the flowchart of tampering detection. First, the bit-location information is extracted
from the AMBTC compression codes. Then, the authentication code is calculated and reconstructed.
Finally, the extracted and recalculated authentication code are compared to determine whether each
block has been tampered with.

bm’ and location information

1
Watermarked (5] Extraction of Hash Mark Block as
Image WI Bit-Location Function Valid
Information
l Recalculated l
authentication
Block code R,/
division Tampered
Bit-location Map T™
information G’
. Extracted ‘
Blocks AMBTC bin AEL\"t;:ﬁ:ff‘;: . lauthentication Mark Block as

Compression code E,.

Code Tnvalid

Figure 4. Flowchart of tampering detection.

3.4.1. Extraction of Bit-Location Information

The algorithm for bit-location information extraction is described as follows.
Input: Watermarked image, WI.
Output: Bit-location information, G’.

Step 1. Divide the watermarked image, WI, into non-overlapping blocks by a size of 4 X 4 pixels.
Step2. Perform the AMBTC compression technique for one block to derive the corresponding AMBTC
compression code (', I’, bm’).
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Step3. Extract the bit-location information (g7, g5) for this block by the following equation:

VA W) 3
{gl_hmodZ , (15)

8= I'mod23,

Step4. Perform Steps 2 and 3 until all blocks have been processed.
Step5. Outputall location information (g7, g5) for each block to provide the bit-location information, G’.
Step6. End.

An example of bit-location information extraction is given in Figure 5a.

bm’ of (W', I’, bm")
0 1 1

The first 7-bit

1 1 1

oo | ©

(0, I"yof (W, I’,bm’) 1 1 0 The last 7-bit

h'=179, 1'=132 0 1 0 0 1

CV' = (0011011) CV° = (1100100)
Modulo 8 l g, =3 lsé =4
Operation —_ >

CV =(0001011) CV™ =(1101100)

" r —~ 1 —~2
81=3 8 =4 . ac=ac -2° +ac )
ac =(10l) ———> 4=(101010) +— ac =(010)
() (b)

Figure 5. Examples: (a) example of extracting bit-location information, (b) example of extracting
authentication code.

3.4.2. Extraction of the Authentication Code

The algorithm of authentication code extraction is described as follows.
Input: AMBTC compression codes (H’, L', BM"), bit-location information, G’.
Output: Extracted authentication code, EAC.

Step1. Geta triple (i, I, bm’) for one block from AMBTC compression codes (H’, L', BM').
Step2. Get a tuple bit-location information (g7, g5) for the corresponding block from G'.

C'Ul

—1
Step 3. Recombine the first seven bits of b’ as the first cover vector, CV' = (cvl cvl 3 cvl, col, col cvl).

17 Y2 47 tU5/ U6 L07
. . , =2
Recombine the last seven bits of bm’ as the second cover vector, CV =

(CZ)%, CZ)%, C?}2 602 CU2 CUZ CUZ)‘

3777477756 TN

—1 ~1
Step4. Flip the g|th bit for the first cover vector, CV', and denoted as CV , then flip the g/th bit
— ~2
for the first cover vector, CV', and denoted as CV . Note that if g or g/ is equal to zero,

the corresponding flipping operation is skipped. In Figure 5b, the red digit represents the
flipped bit-location.

~1 ~2
Step5. Extract the authentication code. Two three-bit sub-codes (ac , ac ) can be computed by:

~1 Tt
ac =Hx(CV) ),
~2 ~2T7T
ac =(Hx(CV) ) .

(16)
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Then, the six-bit authentication code, 1;6, can be derived by:

— ~1

~2
ac=ac -22+ac . 17)

Step 6. Perform Steps 1 to 5 until all blocks have been processed.

Step 7. Output the authentication code, 117:, for each block to provide the extracted authentication code,
EAC.

Step8. End.

Figure 5b shows an example of authentication code extraction.

3.4.3. Tampering Detection

The algorithm of the tampering detection is described as follows.
Input: Extracted authentication code, EAC.
Output: Tampered map, TM.

Step 1. Generate the authentication code, as mentioned in Section 3.2, and denote it as RAC.

Step2. Get an authentication code for one block from RAC and denote it as R’

Step 3. Get an authentication code for the corresponding block from EAC and denote it as E,. .

Step4. Mark the tampered map, TM, according to the comparison results of R,." and E,.". If they are
equal, the corresponding position of TM is marked as ‘0", which means the current block is
valid; otherwise, it is marked as ‘1’, which indicates the current block is invalid.

Step 5. Perform Steps 2 to 4 until all blocks have been processed.

Step 6. Output the tampered map, TM.

Step7. End.

Without loss of generality, a second hierarchical tampering detection algorithm [29,30] is also
provided in our experiments. This improves the tampering detection rate, even if excellent detection
performance is already offered by the first hierarchical tampering detection algorithm.

4. Experimental Results

In this section, a series of experiments and analyses are performed to demonstrate the performance
of the proposed method. All experiments were implemented in Matlab R2017a on a PC with Intel®
Core (TM) i7-3770 CPU @3.4 GHz, 8 GB RAM (Intel Corporation, Santa Clara, CA, USA). Nine classic
grayscale images with the size of 512 x 512 served as test images, as shown in Figure 6. Several attacks
were employed to test the performance of our proposed scheme on tampering detection, including
cropping attack, constant average attack, collage attack, and AMBTC compression codes’ attack. All test
images were compressed using the AMBTC compression technique with the size of 4 X 4 pixels.
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%, ly ¥
(8 (h) @
Figure 6. Nine 512 x 512 grayscale images. (a) Couple; (b) boat; (c) Zelda; (d) Lena; (e) woman; (f)
Elaine; (g) baboon; (h) lake; (i) peppers.

4.1. Statistical Metrics

The following statistical metrics were utilized to demonstrate the superior performance of
our approach.

(a) Peak signal-to-noise ratio (PSNR) [14]: Measures the difference between the watermarked
image and the original image:

2552
X Y o a0 )
XY L (Pwi(i, ) = poi(i, 7))
i=1j=1

PSNR = 10-logy( (18)

where X X Y is the size of an image; pyi(i, j) represents the pixel value of the watermarked image, and
Poi(i, j) represents the pixel value of the original image.
(b) Tampering detection rate (TDR) [14]: Measures the percentage of tampered pixels detected in

a tampered area:

No. of detected tampered pixels
TDR =

All pixels in tampered region (19)

(c) False positive rate (FPR) [14]: Measures the percentage of non-tampered pixels misjudged as
tampered, among all tampered pixels:

No. of false misjudged pixels
FPR = . (20)

All tampered pixels
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(d) False negative rate (FNR) [14]: Measures the percentage of tampered pixels misjudged as
non-tampered, among all non-tampered pixels:

ENR — No. of false misjudged pixels

All non — tampered pixels (1)

4.2. Tampering Detection Analyses

In our experiments, we performed more than 14 kinds of attacks to show the stable and reliable
localization ability and superior performance of the first hierarchical tampering detection algorithm.
The details are as follows.

4.2.1. Cropping Attack

We used three grayscale images, Lena, Elaine, and woman, to simulate the cropping attack. Their
watermarked images are shown in Figure 7a—c, with PSNRs of 31.99, 32.41, and 35.03 dB, respectively.
The tampered Lena image is shown in Figure 7d, with some inside blocks cropped with a rectangle.
The corresponding tampering detection result using the first hierarchical tampering detection method
is shown in Figure 7g, with a TDR of 98.75%. The tampered Elaine image is attacked by outside
cropping within the larger area, as shown in Figure 7e. The corresponding tampering detection result
delivered by the first hierarchical tampering detection algorithm is shown in Figure 7h, with a TDR of
98.60%. Finally, we employed an inside cropping attack with an irregular shape to replace some blocks
of the watermarked woman image, as shown in Figure 7f. Certainly, the proposed scheme achieves a
high tampering detection rate, with a TDR of 98.99%. Thus, our approach achieves superior detection
and localization to both the inside cropping attack and the outside cropping attack.

(® () ®

Figure 7. Cropping attack: watermarked images for (a) Lena (PSNR = 31.99 dB); (b) Elaine (PSNR =
32.41 dB); (c) woman (PSNR = 35.03 dB). Tampered images for (d) Lena, (e) Elaine, (f) woman. Tampering
detection results after first hierarchy for (g) TDR = 98.75%; (h) TDR = 98.60%; (i) TDR = 98.99%.
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Furthermore, the tampering detection performance for the cropping attack is demonstrated in
Table 4. As we can see, after the first hierarchical tampering detection algorithm, the number of
tampered blocks for the tampered Lena, Elaine, and woman images are 949, 5620, and 293, respectively.
Our approach achieves a high TDR, with an average of 98.78%, and a low FPR and FNR, with averages
of 0 and 0.3356, respectively. Additionally, a second hierarchical tampering detection strategy was
used in this paper, and the corresponding detection performance is shown in Table 4. Here, the TDR is
close to 100% and the FNR and FPR are close or equal to 0.

Table 4. Tampering detection performance of the cropping attack.

The First Hierarchical The Second
Number of Tampered . . . . .
.. Blocks (4 x 4) Tampering Detection =~ Hierarchical Tampering
Original Results (%) Detection Results (%)
Images -
Total St Second " ypp  FPR  ENR  TDR  FPR  FNR
Hierarchy = Hierarchy
Lena 961 949 961 98.75 0 0.0777 100 0 0
Elaine 5700 5620 5698 98.60 0 0.7432  99.96 0 0.0187
Woman 296 293 296 98.99 0 0.0186 100 0 0
Average 98.78 0 0.3356  99.99 0 0.0063

4.2.2. Constant Average Attack

Two watermarked images using our proposed scheme, Zelda and baboon, are shown in Figure 8a,d,
with PSNRs of 35.07 and 27.78 dB, respectively. The constant average attack is an attack that replaces
all pixels of one block with the average value of the current block. Figure 8b shows the tampered
Zelda image. Within a 2 x 2 block, all pixels are modified by the mean value. As we can see, it is
difficult to identify the change visually. The corresponding tampering detection result using the first
hierarchical tampering detection method is shown in Figure 8c, with a TDR of 96.42%. Figure 8e shows
the tampered baboon image under the constant average attack. Within a 4 X 4 block, all pixels are
replaced by the mean value. The corresponding tampering detection result from the first hierarchical
tampering detection algorithm is shown in Figure 8f, with a TDR of 99.02%.

Figure 8. Constant average attack: watermarked images for (a) Zelda (PSNR = 35.07 dB); (d) baboon
(PSNR = 27.78 dB). Tampered images for (b) Zelda (2 X 2); (e) baboon (4 X 4). Tampering detection
results after the first hierarchy for (¢) TDR = 96.42%; (f) TDR = 99.02%.
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Meanwhile, Table 5 shows the tampering detection performance of the constant average attack.
As we can see, after the first round of hierarchical tampering detection, the TDR of the four experiments
is higher than 96.42% and there is low FNR and FPR. The second hierarchical tampering detection
strategy was also employed, and the corresponding detection performance is rather good. For both,
the TDR is close to 100% and the FPR and FNR are close to 0.

Table 5. Tampering detection performance of the constant average attack.

The First Hierarchical The Second
ize of L. Number of Tampered Blocks ~ Tampering Detection = Hierarchical Tampering
Size o Original Results (%) Detection Results (%)
Blocks Images -
Total  First Second © ypR  EPR ENR  TDR FPR  ENR
Hierarchy Hierarchy
A4 Zelda 1225 1196 1225 97.63 0 0.1909 100 0 0
x Baboon 1225 1213 1225 99.02 0 0.0791 100 0 0
2%2 Zelda 1369 1320 1367 96.42 0 0.3253  99.85 0 0.0133
Baboon 1369 1333 1368 97.37 0 02392 99.93 0 0.0067
Average 97.61 0 0.2086  99.95 0 0.0050

4.2.3. Collage Attack

In this section, an image is tampered with by copying image blocks from other watermarked
images and pasting them into arbitrary positions in the watermarked image; this is called a collage
attack. In Figure 9, we can see the watermarked images of lake, peppers, boat, and couple, with
PSNRs of 29.88, 32.15, 30.89, and 30.38 dB, respectively. The first example of collage attack, shown
in Figure 9¢, is generated by copying the vegetables from Figure 9b into Figure 9a while preserving
their relative spatial locations. After the first hierarchical tampering detection, the corresponding
tampering detection result is shown in Figure 9d, with a TDR of 98.45%. Similarly, we copied some
blocks from the watermarked couple image, shown in Figure 91, into the watermarked boat image,
shown in Figure 9e on the bottom left. The tampered boat image is presented in Figure 9g. Verification
was performed using our tampering detection approach, with a TDR of 98.59%, as shown in Figure %h.

(i

Figure 9. Collage attack: watermarked images for (a) lake (PSNR = 29.88 dB); (b) pepper (PSNR = 32.15
dB); (e) boat (PSNR = 30.89 dB); (f) couple (PSNR = 30.38 dB). Tampered images for (c) lake; (g) boat.
Tampering detection results after the first hierarchy for (d) TDR = 98.45%; (h) TDR = 98.59%.
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Table 6 lists the detailed tampering detection performance of the proposed scheme. The tampering
detection rate reaches 98%, with an FPR of 0 and a lower FNR. Furthermore, a two-hierarchy tampering
detection strategy was also employed on this kind of attack, resulting in superior tampering detection,
as shown in the last three columns of Table 6.

Table 6. Tampering detection performance of the collage attack.

The First Hierarchical The Second
Number of Tampered . . . . .
ierinal Blocks (4 x 4) Tampering Detection =~ Hierarchical Tampering
Origina Results (%) Detection Results (%)
Mages -
Total  First Second  yhr  FPR FNR TDR  FPR  ENR
Hierarchy  Hierarchy
Lake 4126 4062 4121 98.45 0 0.5194 99.88  0.0485 0.0408
Boat 1350 1331 1350 98.59 0 0.1262 100 0 0
Average 98.52 0 0.3228 99.94  0.0243 0.0204

4.2.4. AMBTC Compression Codes” Attacks

In this section, kinds of experiments are performed to test the tampering detection performance of
the AMBTC compression codes’ attack. We applied these attacks to the original 512 x 512 Lena image.

(a) Attack the quantization levels

We first tampered with either the high quantization level or the low quantization level of the 120
x 120 AMBTC compression codes, illustrated in Figure 10a. The modification is so natural that it is
impossible to identify visually. Figure 10e shows the detection result obtained after the first hierarchical
tampering detection, with a TDR of 100%. The corresponding experimental results appear in Table 7.

(a) b) ©
© ® (®

Figure 10. AMBTC compression codes’ attacks: Tampered Lena images by kinds of attacks: (a) H or L;
(b) (H or L) and flower; (c) BM; (d) BM and flower. Tampering detection results after the first hierarchy
for kinds of attacks: (e) TDR = 100%; (f) TDR = 99.42%; (g) TDR = 100%; (h) TDR = 99.22%.

(h)

(b) Attack the quantization levels with a flower

Secondly, based on the experiment of attacking the quantization levels, at the same time, we tried
to copy and paste a flower onto Lena’s shoulder, as shown in Figure 10b. It is not easy to detect the
attack under this scenario. The corresponding tampering detection result using the first hierarchical
tampering detection method is shown in Figure 10f, with a TDR of 99.42%. Other statistical parameters
are listed in the fourth row of Table 7.
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Table 7. Tampering detection performance of the AMBTC compression codes” attack.

Number of Tampered The First Hierarchical The Second Hierarchical

Original Kinds of Tampering Detection Tampering Detection
image Attacks Blocks (4 x 4) Results (%) Results (%)
Total st Second  pp ppR  ENR  TDR  EPR  FNR
Hierarchy Hierarchy
(HorL) 961 961 961 100 0 0 100 0 0
Lena A gz va)ejnd 1211 1204 1208 9942 0 00461 9975 00827 0.0198
BM 651 651 651 100 0 0 100 0 0
BM and 901 894 898 9922 0 00452 99.67 01112 0.0194
flower

Average 99.66 0 0.0228 99.86  0.0485  0.0098

(c) Attack the bitmap

We also simply tampered with the bitmap of the 120 x 80 AMBTC compression codes, shown in
Figure 10c. Again, it is hard to notice any change to the Lena image. The tampered area is around
Lena’s face, and Figure 10g shows the tampering detection result after the first hierarchical tampering
detection, with a TDR of 100%. Some experimental results are listed in the fifth row of Table 7.

(d) Attack the bitmap and copy/paste a flower

We now tampered with the Lena image by modifying the bitmap and adding a flower near her
shoulder, as illustrated in Figure 10d. The tampering detection result delivered by our approach is
shown in Figure 10h, with a TDR of 99.22%. In Table 7, the sixth row shows the detailed detection
results, with lower FPR and FNR.

In summary, we implemented multiple experiments to test the performance of our proposed
tampering detection scheme, including the cropping attack, constant average attack, collage attack,
and AMBTC compression codes” attacks. After the first hierarchical tampering detection, our proposed
scheme can offer a high TDR along with low FPR and FNR for all kinds of attacks.

4.3. Performance Comparisons

Table 8 compares the PSNRs of the reconstructed images by using the original AMBTC compression
codes and watermarked AMBTC compression codes generated through our proposed scheme.
The watermarked images have a few more distortions than the image reconstructed using the
original AMBTC compression codes. The average PSNR of the watermarked image using our approach
is around 31.66 dB; in other words, we sustained acceptable visual quality while achieving highly
accurate tampering detection.

Table 8. PSNRs of the reconstructed image by the different schemes with block size 4 x 4.

PSNRs (dB)
Original Images
AMBTC Proposed Scheme

Couple 31.27 30.38
Boat 31.87 30.89
Zelda 37.99 35.07
Lena 33.23 31.99
Woman 37.98 35.03
Elaine 3391 3241
Baboon 28.30 27.78
Lake 29.88 29.21
Peppers 33.43 32.15
Average 33.10 31.66
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Table 9 compares the tampering detection performance among three existing schemes and our
proposed scheme. The upper bounds of the number of authentication bits in Lin et al.’s scheme [29],
Hong et al.’s scheme [30], and the proposed scheme are four, four, and six, respectively. Thus,
the proposed scheme obtains higher tampering detection accuracy than the other two with the
assistance of one six-bit authentication code per block. The experimental results provide the expected
effect; that is, the average TDR of our proposed scheme is about 98.55% in the first hierarchical
tampering detection procedure, which is about 4.8% higher than those of Lin et al.’s scheme [29] and
Hong et al.’s scheme [30]. In other words, our approach can offer a more stable and reliable tampering
detection performance. In Lin et al.’s scheme [29] and Hong et al.’s scheme [30], the stego-images’
quality with the four-bit authentication code has average PSNRs of 33.07 and 32.33 dB, respectively.
Also, we can observe that Hong et al.’s scheme [31] proposes two embedding strategies that can
embed an eight-bit authentication code into each block, resulting in a TDR of 99.61% and average
PSNRs of 28.92 and 29.84 dB. Meanwhile, with the same size of the authentication code, i.e., six
bits, our proposed scheme and the Hong et al. scheme [31] have the same effect with respect to the
TDR. The average PSNR of our approach is 0.39 dB higher than that of the LSBP scheme and 0.05 dB
lower than that of the MSBP scheme. Hong et al.’s scheme tries at least six possible combinations to
find the minimal distortion during authentication code embedding with MSBP. Therefore, it can be
concluded they maintain image quality at the cost of execution efficiency. Also, a large proportion of
image authentication methods employ multi-hierarchical tampering detection strategies as a remedial
measure to improve their TDR. In Table 9, we report the detection performance offered by Lin et al.’s
scheme [29], Hong et al.’s scheme [30,31], and the proposed scheme. The four schemes had very similar
tampering detection rates after the second hierarchical remediation measure. However, our proposed
scheme outperforms the others when considering tampering detection performance and the image
quality of the watermarked images from the first hierarchical tampering detection.

Table 9. Tampering detection performance of different schemes.

Methods Allx\tllzl:::iira?iin H]l)e:ta;cc:i\g:f TDR of First TDR of Multi- Average
. . Hierarchy (%)  Hierarchy (%) PSNRs (dB)
Bits Strategies
Lin et al. [29] 4 2 93.75 98.19 33.07
Hong et al. [30] 4 2 93.75 99.83 32.33
Hong et al. [31] 6 ) 98.50 99.66 31.27/31.73
(LSBP)/(MSBP) 8 99.61 28.92/29.84
Proposed 6 2 98.55 99.85 31.66
scheme

Table 10 summarizes comparisons between the proposed scheme and other work [29-31]. It can
be observed that Lin et al.’s scheme generates an authentication code by using a pseudo-random
generator, while Hong et al.’s scheme [30] and the proposed scheme do so by hashing the bitmap
and location information, and Hong et al.’s scheme [31] generates the authentication by hashing
the bitmap and quantization levels’ MSBs. Lin et al.’s scheme [29] can resist the cropping attack,
constant attack, and collage attack, but is weak against tampering with the bitmap of the complex
blocks because it only embeds the authentication code into the quantization levels. The two schemes
proposed by Hong et al. [30,31] are sensitive to AMBTC compression codes’ attacks since they embed
the authentication code generated to refer to the bitmap into the quantization levels. However,
in some cases, the natural relationship between two quantization levels is broken for some blocks,
making it only possible to verify the authenticity of the AMBTC compression codes and not that
of the AMBTC-compressed image. Hence, in their schemes, it seems likely that only professional
technicians will be able to implement the cropping attack, constant average attack, or collage attack.
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Also, Hong et al.’s scheme [31] is poor against the collage attack. In our approach, we embed the
authentication code in the bitmap in a virtual manner and insert the bit-location information into the
quantization levels later. This strategy maintains effective interlocking among the authentication code,
the quantization levels, and the bitmap. If any slight modifications are encountered in the quantization
levels or bitmap, the correlation between them will be broken. Thus, the proposed scheme can not only
resist AMBTC compression codes’ attacks but also detect the cropping attack, constant average attack,
and collage attack. Undoubtedly, the experimental results show that our approach provides more
stable and reliable tampering detection performance by simply conducting first hierarchical tampering
detection and also sustains acceptable visual quality.

Table 10. Comparisons with various schemes.

Compared Lists Lin et al.’s Hong et al.’s Hong et al.’s Proposed
P Scheme [29] Scheme [30] Scheme [31] Scheme
Quantization Quantization Quantization Quantization
Components to embed AC levels or bitmap levels levels levels and bitmap
Generation of AC Pseudo-random Hash function =~ Hash function Hash function
generator
Deteﬁ:t.lon.of the sPec1a1 No Yes Yes Yes
modification of bitmap
. ]?etgctlon of theispe.mal No Yes Yes Yes
modification of quantization levels
Detection of the cropping attack Yes Yes Yes Yes
Detection of the constant Yes Yes Yes Yes
average attack
Detection of the collage attack Yes Yes No Yes
Authentlcatlop for AMBTC Yes Yes Yes Yes
compression codes
Authentication for AMBTC Yes No No Yes

compressed image

Table 11 summarizes comparisons among the proposed scheme and the authentication methods
for compressed images using other compression techniques. Herein, the smaller the detectable block
size is, the precision the detecting unit is, and the larger the size of AC is, the more tampering detection
accuracy it has. We can observe that the JPEG-based authentication schemes [17,18] embed the AC in
the frequency domain. Although their schemes provide a better visual quality of the watermarked
image, they have a weakness in their tampering detection accuracy because the size of the AC they
embedded is one bit and three bits, respectively. It is also apparent that the schemes [18,19] provide
a detectable block size of 8 x 8 pixels, which means that a lower precision of the detecting unit they
are in. Besides, we also can find that our approach and scheme [19] work on the spatial domain.
Our approach provides a better performance in tampering detection and image quality than that of
the VQ-based scheme [19]. Moreover, the tamper detection performance of our proposed scheme is
significantly better than the existing three schemes. Besides, we also can find that our approach and
scheme [19] work on the spatial domain. Our approach provides a better performance in tampering
detection and image quality than that of the VQ-based scheme [19].
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Table 11. Comparisons with other schemes based on different compression techniques.

Compression . Detectable Length of AC PSNR
Methods Methodology Domain Block Size for a Block (dB)
Scheme in [17] JPEG Frequency 4x4 1 [40.33, 44.12]
Scheme in [18] JPEG Frequency 8x8 3 44.63
Scheme in [19] vQ Space 4x4,8%x8 [1, 3] ~[29.00, 31.50]
Proposed scheme AMBTC Space 4x4 [1, 6] [31.66, 33.10]

5. Conclusions

This paper proposed a novel precise image authentication scheme to protect the integrity of
AMBTC-compressed images. The authentication code is generated by hashing the processed bitmap
and block’s location information. For each block, a six-bit authentication code is virtually inserted into
the bitmap using matrix encoding. Instead of changing the bitmap, we only recorded the to-be-flipped
bit-location information without modifying the bitmap in each block. This bit-location information is
embedded into two quantization levels based on adjusted quantization levels matching. Experiments
were performed to evaluate the performance of our approach. The results showed that our approach
provides more stable and reliable tampering detection performance than previous work and sustains
acceptable visual quality. In the future, we will try to use the bitmap adequately to provide strong
tampering detection performance while improving image quality. Moreover, we will also pay more
attention to the authentication schemes for compression codes.
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