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A Holonic Manufacturing Approach applied to
communicate concrete: concept and first development
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tUniversité de Lorraine, CRAN, UMR 7039, 2 avenue de la forét de haye,
Vandoeuvre-lés-Nancy, 54516 Cedex, France
{firstname.lastname}@univ-lorraine. fr

Abstract. The rapid development of Internet of Things has enabled intelligent
products that can be applied to the Industrial 4.0, Smart City, Smart Supply Chain
and Smart Buildings. Its autonomy and flexibility make possible to construct in-
telligent manufacturing systems. In this paper, we present the McBIM project
that is based on the concept of communicating materials. A holonic manufactur-
ing approach is proposed to handle these problems. It aims to include a WSN to
the product to make it more sensitive and aware of its own internal conditions. In
our approach, the “sensing device” is an embedded Wireless Sensor Network that
can collect “internal” data of the intelligent material. In this context, Physical and
digital parts are defined and related to four main challenges. Some existing solu-
tions of data collection architectures are discussed for the physical part. Further-
more, these algorithms are compared with the required performance metrics of
our application. Then we conclude with some perspectives for future work.

Keywords: Internet of Things, holonic manufacturing approach, wireless sen-
sor networks, communicating material, data aggregation, energy efficiency

1 Introduction

The Internet of Things (10T) is widely used in manufacturing, monitoring applications
and logistics, etc. The application of 10T makes the product more intelligent, its high
flexibility brings new challenges to the Intelligent Manufacturing System (IMS): more
flexible adaptability, higher computing capacity and control capabilities. In 2009, the
Research Center for Automatic Control (CRAN) began to study the “communicating
materials” concept, it is the material that can process, store data and communicate with
the environment. With further study of Kubler [1] and Mekki [2], this concept has been
applied to construction industry. The McBIM Project [3] (Material communicating with
the BIM - Building Information Modelling) aims to design a “communicating con-
crete”. Namely, it is the concrete equipped with embedded wireless micro-sensor net-
work (WSN), which can measure the physical environment, store the information and
exchange data with BIM platforms. Another objective is to demonstrate the usefulness
of this new concept for different phases of a building's lifecycle, i.e. the manufacturing,
construction and exploitation phases.

adfa, p. 1, 2011.



The next section introduces the McBIM project and the concept of communicating
concretes, details its main constraints and behaviors for each phase of its lifecycle. Sec-
tion 3 presents a holonic manufacturing approach applied to the McBIM project and
presents the composition of the holon by detailing its physical and digital parts, func-
tionalities and the related challenges. Section 4 then focuses on the physical part and
introduces some existing solutions of data collection architectures. A synthesis of those
solutions and their use in our application case then are discussed in section 5. Last sec-
tion concludes and gives some perspectives for the development of this work.

2 Description of the McBIM project

The McBIM project is funded by the French National Research Agency, and is coordi-
nated by the CRAN with two other French laboratories (LAAS, LIB) and one company
(360 SmartConnect/FINAO SAS). In this project, different partners focus on different
areas. Where the CRAN works on the network and information management, the LAAS
designs the sensing and communicating nodes, the LIB studies data interoperability and
all these works are then implemented by 360 SmartConnect/FINAO SAS.
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Fig. 1. The ANR McBIM project

The communicating concrete (see Fig. 1) consists of many sensing and communicating
nodes. The sensing nodes will periodically monitor the physical parameters (like tem-
perature, humidity ...) of the concrete. Communicating nodes aggregate received data
and transmit it to monitoring center thanks to BIM standard. Besides, manufacturing
data (like its physical properties or manufacturing actors) may be stored locally. The
main constraint is that the concrete element has to live several decades from the manu-
facturing phase to the latest of the exploitation phase.



Besides, the communicating concretes behaviors are different along its lifecycle (see
Fig. 2). During the manufacturing phase, the WSN nodes are inserted and initialized.
The communicating concretes periodically (by example every hour) monitor its physi-
cal status, store the physical propriety information, as well as the information of man-
ufacturer, constructors and operators. These data are accessible directly via a reader
device or remotely via the internet. For the construction phase, communicating con-
cretes will be assembled together. In this case, auto-organization is then needed to dy-
namically define a 3D network to achieve energy savings. Due to the high flexibility in
this step, concrete has to report its status frequently (such as every half-hour) to ensure
the safety of construction and update the network information. When the construction
is completed, the large 3D static WSN will regularly (by example every half-day) mon-
itor struct health data (such as cracks, temperature, corrosion, etc.) to ensure the safety
of the building.
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Fig. 2. McBIM communicating concrete lifecycle

3 Holonic manufacturing approach of the McBIM project

During the communicating concrete lifetime, more and more elements will work to-
gether, the data management and auto-organization of network will become compli-
cated. In order to meet the changes of concretes over its lifecycle and ensure a long-
term service, we propose a holonic manufacturing approach and outline its main chal-
lenges in Fig. 3. As described in [4], holonic manufacturing is a highly distributed con-
trol paradigm which is based on the concept of autonomous co-operating agents, called
holons. A holon often consists of a physical processing part and an information



processing part, it can work alone or co-operate with other holons. Moreover, a holon
can also be part of another holon.

In our design, a McBIM holon consists of the real concrete element plus its WSN as
physical part, and its dedicated agent as digital part. For example, the holon A (see Fig.
3) is composed of concrete element A and its agent A. The physical part monitors phys-
ical parameters and transmits to its dedicated agent. Subsequently, those data are pro-
cessed at its agent in digital part. Each McBIM holon can work alone, it can also be
assembled with another McBIM holon to construct higher holons as mentioned above.
Indeed, in the physical part, the auto-organization of WSN makes the aggregation of
the McBIM element A and B possible, they can then be viewed as a whole element C.
At this moment, we can also consider that holon C is made of the holon A and holon
B. In order to realize this holonic manufacturing design, there are four main challenges
as shown in Fig. 3: two in the physical part (1 and 3: the blue and green block), and two
in the digital part (2 and 4: the red and yellow block).
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Fig. 3. Digital design and challenges

The first challenge (the blue block) is to ensure the long-term service of the com-
municating concrete, namely, the energy conservation in WSN within the concrete.
Both the concepts of sensing and communicating nodes, the selection of different sen-
sors, and its data collection technique should be taken into account. The second (the red
block) is the realization of the link between the communicating concretes with its ded-
icated agents, and the data management at these agents. Both the data representation of
physical part processing, and the data management for digital part need to be specified.
The third challenge (the green block) is the auto-organization of network between dif-
ferent concrete elements in the physical part. At the end, the last is the specification of
the hierarchical and heterarchical relationships between the dedicated agents. In this



paper, we focus on the related research for the challenges in physical part: minimizing
the energy consumption of data collection in WSN along its whole lifecycle (challenge
1 and 3).

Aggregation techniques are widely used for data collection in WSN, as described in
[5]. It needs three elements to be effective: an adapted structure of the network (for
routing the data), aggregation functions (for fusing the data) and the data representation
(for exploiting the data). Second and third elements are problems mainly depending on
the application case. “Aggregation functions” depends on the service which is offered
by the WSN and “Data representation” consists of the final exploitation of data by user
(can be considered as an external problem for the WSN). In this work, we just focus on
the preliminary step for aggregation: the WSN structure.

4 Facing physical part challenges: WSN architecture

In order to ensure a long-time service, we look for energy efficiency solutions for WSN
data collection. To do this, several strategies exist, and among them, we focus on data
aggregation techniques to minimize the number of messages. There are three main data
aggregation architectures (chain-based, cluster-based and tree-based) detailed hereaf-
ter.

4.1 Chain-based architecture

A chain-based architecture is a WSN architecture where nodes communicate via a line
structure. To construct this structure, several routing protocols have been proposed and
are detailed as follows.

PEGASIS (Power-Efficient gathering in sensor information systems) [6] is the first
chain-based routing protocol for WSN. As illustrated in Fig. 4, each node only com-
municates with its closest neighbors, and takes turn transmitting data to the BS (Base
Station). In this case, energy consumption of transmission per round is reduced and

network lifetime is increased with a random selection mechanism of the leader (c2 was
selected as the leader for this round).

cO— ¢l — 24— 344
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Fig. 4. Data collection in PEGASIS



In this approach, all nodes have global knowledge of the network and employ the
same greedy algorithm. Each node can directly transmit to the BS. The computation of
chain can be done at the base station, it then broadcasts the chain information to nodes.
Or it can be constructed in a dynamic manner by all the sensor nodes. The dynamic
construction begins with the furthest node. Each node performs the greedy algorithm
to select its closest unvisited neighbor as next. In addition, they take turns to act as the
leader with the probability: i mod N where i is the node number and N is the number of
nodes. The chain will be reconstructed if a node dies.

Since data fusion is performed at nodes, PEGASIS reduces the energy consumption
in transmission for each round. Moreover, the random leader selection mechanism bal-
ances the consumption for the whole network and improves the lifetime. It is hard to
ensure all nodes can connect with the BS in large WSNs. A long chain may have an
important impact on the delay of transmission. In addition, the greedy algorithm in this
protocol only considers the distance between nodes. The remaining energy at each node
and the delay of transmission should be taken in account.

Based on PEGASIS, many improved algorithms have been proposed. A large part
of these algorithms are related to the chain-cluster based approach, such as CCM
(Chain-Cluster based Mixed routing) [7], CRBCC (Chain routing based on coordinates-
oriented cluster) [8]. This kind of protocol combines the advantages of the chain-based
architecture and the cluster-based. At beginning, it divides the networks into clusters.
In each cluster, nodes form into one chain, a node will be selected as the chain leader.
Between the different clusters, the selected cluster leaders then form a high-level chain,
and one of them is selected to transmit information to the BS.

The differences between those algorithms are usually in the way of partitioning clus-
ters, and the election of chain leader. Such in CCM, the reference network is an evenly
distributed two-dimension network, each node with coordinate (x, y). The partition of
cluster only depends on the x coordinate. The nodes S(i, j) will be the leaders for the j"
round, where i, j are the horizontal and vertical coordinates. However, the partition of
network in CRBCC depends on the y coordinate and the numbers of nodes. Instead of
using the greedy algorithm, CRBCC uses Simulated Annealing (SA) algorithm for
forming both the low-level chain (into a cluster) and the high-level chain (between clus-
ters). SA is used to calculate the lowest energy consumption route. This kind of chain-
cluster approach avoids the long chain disadvantage and reduces the delay. However,
it increases the clustering overhead (i.e. the number of messages exchanged to construct
the clustering), and the reconstruction of network is more complex.

Another kind of approach is the sub-network chain-based routing protocol. A Bal-
anced Chain-Based Routing Protocol (BCBRP) has been proposed in [9]. The idea be-
hinds this protocol is that it divides the network into different areas to reduce the energy
consumption in maintaining of the WSN. The chain construction in BCBRP has four
phases. First, the network is divided into different equal parts. Second, the closest nodes
to the boundary are elected as bridge nodes which connect with the others sub-



networks. Third, an algorithm that is similar to minimum spanning tree is used to con-
struct the shortest chain in each part. Contrary to the greedy algorithm, the minimum
spanning tree algorithm gives a global decision in order to connect all the nodes to-
gether with the minimum total route weight. Fourth, the chain leader is randomly se-
lected from the area which has the largest number of nodes.

4.2  Cluster-based architecture

In a large WSN, the drawbacks of single chain approaches are obvious. Not only in
term of delays, but also the maintaining of network structure. In the literature, another
structure is proposed: the cluster-based approach where nodes are regrouped into clus-
ters. Within a cluster, a node is elected as the cluster head (CH) which receives infor-
mation from its cluster members, aggregates and sends the aggregated data to the sink.

LEACH (Low Energy Adaptive Clustering Hierarchy) is the first proposed cluster-
based protocol [10]. It is a distributed and self-organizing clustering protocol. A random
mechanism is used to rotate CHs in order to balance the energy consumption. LEACH
works with two phases for a round: setup phase and steady state phase. During the setup
phase, the nodes organize themselves into clusters. A distributed probabilistic approach
is used to elect the cluster leader. The threshold P;(t) is defined as (1):

* ¢;(t) 1)

k
N—kx(r mod (N/k))

P(t) =

Where k is a predetermined cluster number, N is the total number of nodes, r is the
current round number, i is the node id and ci(t) is a function which indicates if the node
has already been a CH in a previous round. For each round, sensor nodes randomly pick
a number from 0 to 1, and then compare with the threshold. One node becomes a leader
if its picked number is bigger than the threshold. This probabilistic approach balances
the energy at each node. When a CH is elected, it broadcasts a message to announce that
it is the cluster leader. Surrounding nodes then decide which cluster to join based on the
signal strength of the received messages.

The second phase is the data collection as shown in Fig. 5. All non-headers transmit
data to their CH. The leaders then transmit data directly to the sink after receiving all
data. This algorithm improves the lifetime of network, but the single-hop routing used
in this approach is inefficient for a large network. The leader consumes a large amount
of energy when it is far from the sink. In addition, aggregation function could be im-
plemented at the cluster-heads to reduce the transmission data.

Unlike the random election of leader in LEACH, Hybrid Energy-Efficient Distributed
Clustering (HEED) [11] takes the residual energy and communication cost into account.
An Average Minimum Reachability Power (AMRP) is defined for the estimation of
communication cost. AMRP is the average of minimum power levels required for the
non-leader nodes to connect with its CH. For each round in HEED, each node computes
its probability and becomes the leader if its value reaches 1. Since the leaders are elected,
the he surrounding nodes then choose a CH with the lowest AMRP cost. This residual



Fig. 5. LEACH protocol

energy considered election mechanism improves the lifetime over LEACH. An im-
proved algorithm DWEHC (Distributed Weight-based Energy-efficient Hierarchical
Clustering protocol) is proposed by Gupta in [12]. Like HEED, the residual energy is
considered in DWEHC with the cluster range for calculating the weight of each node.
Within cluster, the no-leader nodes use the knowledge of distance to decide to be a sin-
gle-level or multi-level member. This location awareness balances the cluster size and
improves the energy efficiency.

4.3  Tree-based architecture

Another widely used approach in WSN is the tree-based architecture, where the sensors
nodes transmit data following a tree structure network via intermediate nodes to the
sink. Processing operations such as data aggregation can be performed at intermediate
nodes to reduce the data transmission and save energy.

An Energy-Aware Distributed Aggregation Tree (EADAT) is proposed in [13]. This
approach takes the residual energy and the number of hops to the sink into account to
construct the tree. A control message which contains five fields (ID, parent, power,
status, hopCnt) is defined for the construction. Where ID and parent records the node’s
identification in the network, and its parent node respectively; power represents the
node residual power; status indicates the state of the sending node in the network (un-
defined state, leaf node, non-leaf node, or danger state); hopCnt is the number of hops
to reach the sink. During its construction process, the sink broadcasts initial control
message, the node v chooses a neighbor with the higher residual power and shortest
path to the sink as its parent. It then broadcasts a message with its own hopCnt. Another
node u will make itself as a non-leaf node if it receives a message from v with parent,
= u. Otherwise, it will be a leaf node of v. Once all nodes broadcast their message and
find its status in the network, the construction of tree is completed.



A Power Efficient Data gathering and Aggregation Protocol (PEDAP) was proposed
by Tan in [14]. It is a near optimal minimum spanning tree-based (MST) protocol.
PEDAP aims to improve the lifetime by minimizing the total energy consumption in
communication for each round. In this approach, the computation of the routing tree is
completed in a centralized manner at the BS. A Prim’s MST algorithm that is a greedy
algorithm for constructing MST with the minimum edge weight is used for the compu-
tation. MST example is shown in Fig. 6. MST ensures a minimal weight route for the
whole network; However, the running time complexity is O(n?) where n is the number
of nodes in the network. Compared with LEACH and PEGASIS, the authors prove that
PEDAP and PEADP-PA significantly improve the time of the first dead node.

Fig. 6. Minimum spanning tree-based routing protocol

The Tiny AGgregation (TAG) approach is a data-centric tree-based protocol [15]. A
declarative interface is used for data collection and aggregation. With a given query,
only the relevant information is sent to the sink periodically. This algorithm has two
phases: the distributed phase and the collection phase. The construction of tree is estab-
lished in the first phase. The sink first broadcasts a message which contains the distance
to the sink. When a node (not already in the tree) receives a message, it sets the sending
node as its parent. The node then broadcasts again the same message with its own ID
and distance. After the tree is constructed, a semantic query which specifies the required
type of data (such as temperature or humidity) will be sent by the sink to the network
following the tree. This data-centric tree-based algorithm reduces the number of in-
volved nodes among the network and improves the network lifetime. However, it is not
robust to link failure and the re-organization is highly energy consuming.

5 Synthesis

The different approaches presented above are synthetized in Table 1. For our applica-
tion purposed, different performance metrics for the data aggregation routing protocols



have been chosen and are described as follows: energy efficiency represents the algo-
rithm’s efficiency for data collection; Maintaining cost represents the energy consump-
tion for reconstruction of the architecture; Resilience to link failure indicates the ro-
bustness of the network facing the loss of link when a node dies; Scalability stands for
the capability to scale the scenario; The plus and minus are used to represent the
strength and weakness of these routing protocols. This table can then be used to select
suitable algorithms for our application case.

Table 1. SUMMARY OF DATA AGGREGATION PROTOCOLS IN WSN

Protocol name | Energy effi- | Maintaining Resilience to -
. . . Scalability
(Type) ciency cost link failure

PEGASIS (Ch) - - - --
CCM (Ch) + - - -
CRBCC (Ch) + + + -
BCBRP (Ch) - - ” -
LEACH (CI) - + + —
TL-LEACH (CI) - + + -
HEED (CI) + - +
DWEHC (CI) ++ - ++ +
EADAT (Tr) - - - +
PEDAP (Tr) ++ + - +
TAG (Tr) + ++ - +

Due to the difference of the communicating concretes behaviors over the three
phases, we aim to find the most suitable approach for each phase. As mentioned above,
the communicating concrete mainly monitors its status during the manufacturing.
Therefore, a simple and efficient data aggregation protocol will be preferred. We can
see from the table that DWEHC and PEDAP have better energy efficiency than the
others. Meanwhile, DWEHC provides a high resilience to link failures, PEDAP has a
low maintaining cost. In this case, both are considered relevant for the manufacturing
phase.

For construction, the problems are not only the minimization of energy inside each
beam, but also the re-organization of network between concrete beams. Thus, a data
aggregation technique favoring dynamic and low maintaining cost network should be
privileged. Although the cluster-based approach like DWEHC provides a good scala-
bility and high energy efficiency, its high maintaining costs are not suitable for this
phase. In contrast, PEDAP has a low maintaining cost with a good scalability and high
energy efficiency and thus may be a good choice for this phase. Although TAG pro-
vides a lower energy efficiency than PEDAP, its scalability and lower maintaining cost
may also give a good result.

After the construction, a large network will be completed and used for the exploita-
tion phase, a robust and low maintaining cost protocol will be adapted. Therefore, a



protocol with high energy efficiency, high tolerance to link failure and low maintaining
cost will be the best choice. From the table we can see that CRBCC may have good
result, but it cannot be used in the context of communicating material, because it needs
that all the nodes can directly communicate with the BS. The high energy efficiency
and resilience to link failure of DWEHC may lead a good result for periodical monitor-
ing. In addition, different physical phenomena will be monitored, such as temperature,
humidity, etc. The data-centric tree-based routing protocol TAG will also be consid-
ered.

6 Conclusion and future work

In this paper, the concept of communicating concrete is introduced in the framework of
the McBIM project. Holonic manufacturing approach is presented with four main chal-
lenges (two for Physical part and two for Digital part). The existing solutions of data
aggregation architectures for the Physical part are discussed with its advantages and
drawbacks. Finally, those algorithms are compared with the required performance met-
rics for application on the McBIM project.

The future work will aim to test and analyze the energy consumption of the data
aggregation algorithms that would have been previously selected. These results will
confirm if the aggregation approach could significantly improve the lifetime of the
WSN for the physical part of our approach. After the physical processing part is com-
pleted, we will then continue the development of the digital part, construct its dedicated
multi-agent systems and specify the hierarchical and heterarchical relationships. Fur-
thermore, these data will be interpreted via BIM standard for manufacturers, builders
and operators. The use of communicating concrete not only reduces the inventory for
all operators, but also provides a strong support for building health monitoring.
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