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Abstract. Time-Slotted Channel Hopping (TSCH) is the emerging standard for
industrial automation and process control low-power and lossy networks. Schedul-
ing function is very crucial in the TSCH-based wireless networks, which defines
the packets select which cells to send/receive. But the current industrial wireless
standard does not define the function how to adds/deletes/relocates cells between
neighbors. In this paper, we propose a decentralized scheduling function, which
fully consider the use probability and distance of cell rather than simple random
selection.We implement a decentralized scheduling function in 6TiSCH simulator
and evaluate its performance experimentally in different cases. The experimental
results show that our proposed scheme can reach lower end-to-end latency, as well
as no extra costs.
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1 Introduction

Industrial wireless sensor networks will be widely used in the field of industrial process
automation in the future [1, 2]. The technology can greatly improve the efficiency and
quality of industrial production. Industrial automation applications have strict require-
ments for low power consumption, high reliability and real-time performance of wireless
network. These demands have been difficult to fulfill until the introduction of the Time-
Synchronized Mesh Protocol (TSMP) [3] in 2008. Industrial wireless standards such
as WirelessHART (2008) [4] and ISA100.11a (2011) [5] adopt TSMP technology. In
April 2012, time-slotted channel hopping (TSCH), which is based on TSMP technology,
became an importantmedium access control (MAC) layer protocol of the IEEE802.15.4e
standard [6].

In TSCH-based wireless networks, all nodes keep high-precision time synchroniza-
tion. Parts of nodes in the networks can cooperatively go to sleep at the same time
when they have no data to send. It can achieve a low-power wireless network and
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prolong network life, which is very important in the battery-powered industrial applica-
tions. External interference and multi-fading seriously affects the reliability of wireless
communication. The nodes in TSCH-based wireless networks, adopt channel hopping
technology to combat the challenge. Research has proved it can reach 99.9% reliability
[7, 8], which can be equip to the reliability of wired industrial networks. IEEE.802.15.4e
standard defines time-slotted communication mechanisms for a pair of nodes exchang-
ing packet in a cell (see Fig. 1). The communication of nodes happens at a [slotOffset,
channelOffset] location according to the network schedule. However, it does not provide
policies pertaining to the time for adding/deleting cells or the cells to select. Therefore,
the scheduling function is crucial for solving the problems above.

The existing scheduling algorithms in TSCH-based wireless networks can be classi-
fied into two categories: centralized scheduling and distributed scheduling. Centralized
scheduling algorithms (e.g., traffic aware scheduling algorithm (TASA) [9] and adaptive
multi-hop scheduling (AMUS) [10]) rely on a center node to compute the schedule of
all nodes in the networks. It is only suitable for static networks. However, numerous
mobile nodes exist in industrial wireless applicants, and the nodes traffic are not fixed.
Most scheduling algorithms for 6TiSCH networks involve distributed scheduling (e.g.,
on-the-fly (OTF) [11], SF0 [12], low latency scheduling function (LLSF) [13], recurrent
low-latency scheduling function (ReSF) [14]).

However, the current distributed scheduling algorithms are affected by some chal-
lenges. First, the end-to-end latency in a multi-hop network is excessively high and
uncertain. Some packets such as the alarm information in industrial process control
systems must be transmitted to the border router in a timely manner. It requires the
scheduling algorithms to coordinate a low latency multi-hop path. Second, schedule col-
lisions often occur in distributed scheduling algorithms. Two pairs of neighbor nodes are
scheduled in the same cell to send/receive data. Schedule collisions can further affect the
performance of the network (e.g., reliability, power, and latency). Therefore, an efficient
schedule function for TSCH-based wireless industrial networks must be identified. In
the paper, we will propose our scheduling function for TSCH-based wireless networks.

The remainder of this article is organized as follows. Section 2 proposes a decen-
tralized scheduling function for TSCH-based wireless networks. Section 3 evaluates the
performance of the proposed scheme. Finally, Sect. 4 concludes this paper and presents
future work.

Fig. 1. Example of communication in TSCH-based wireless networks.
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2 Decentralized Scheduling Function

Industrial wireless networks have strict requirements for real-time and reliability. The
goal of resource scheduling algorithm is to provide low-latency end-to-end delay and
no conflict communication. The new node joins and synchronizes to the TSCH-based
wireless networks after receiving the EB packets from the multiple neighbor nodes. It
may choose a prefer neighbor node as its parent according to the JP value, which is
contained in the EB packets. Then the preferred parent node will allocate first Tx and Rx
negotiated cells to the new joining node by 6P command. The autonomous cells are only
used to send EB and DIO packets. The new node need to add Tx and Rx cells with its
preferred parent after it continuously generate packets. Therefore, when to add or delete
timeslots and which timeslots to select is a critical problem in the scheduling algorithm.

According to the latest 6TiSCHminimal scheduling function documentation, it spec-
ifies when to add or delete timeslots such as adapting to traffic, switching parent and
handling schedule collisions. But it did not define how to select timeslots. The SF0
[12] which is proposed by 6TiSCH working group just used simple random timeslots
selection. Time slot selection is very important in the resource scheduling algorithm,
and it will directly affect the end-to-end delay and reliability of network. The goal of
our scheme is to minimize the end-to-end packet transmission delay. It selects a suitable
cell from the available cell list based on the use probability and distance of cell, which
is different from random timeslot selection in SF0 [12] and LLSF [13].

Table 1. System symbols.

Symbol Description

List_Tx Available Tx cell

List_Rx Available Rx cell

Pti Packet transmission probability of the i-th Tx cell

Pri Packet receiving probability of the i-th Rx cell

Dri The distance between the i-th Rx cell and the selected Tx cell

Slotframe_length The length of slotframe

Table 1 shows the system symbols in the decentralized scheduling function. Here,
we introduce the concepts of probability and distance. The core idea of our scheme is to
select a most suitable Tx cell from List_Tx, which can make the sum of the distances to
all Rx cell the shortest, thereby ensuring the lowest time delay. There may be multiple
Rx cell, and different Rx cell have different probability of receiving data packets. The
packet receiving probability of the i-th Rx cell can be counted. Each Rx cell will record
the number of received data packets. The total data packet is the sum of the multiple Rx
cell from the same source node, and the probability Pri is the ratio of the received data
packet of the i-th Rx cell to the total data packet. Each Tx cell and Rx cell has an ASN
value (typical one ASN value represents 15 ms). The distance between the Tx cell and
Rx cell can be calculated by the Eq. (1). Assuming the number of available Rx cell in the
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List_Rx is k, we can calculate the sum of the distances from the one selected Tx cell to all
Rx cell based on the Eq. (2). Repeating the above method, we can calculate the distance
of all the available Tx cell in the List_Tx. Finally, we select the smallest distance from
the calculation results, and can easily deduce which Tx cell is. In the following, we will
take an example to further illustrate.

Dr =
{
Tx_ASN − Rx_ASN , Tx_ASN > Rx_ASN

Slotframe_length + Tx_ASN − Rx_ASN , Tx_ASN < Rx_ASN
(1)

Sum_Dr = Pr1 ∗ Dr1 + Pr1 ∗ Dr2 + ... + Prk ∗ Drk , Pr1 + Pr2 + ... + Prk = 1; (2)

Assuming the networks consisting of 5 nodes and slotframe_length is 23, the node R is
root. Here, taking node B as an example, it describes how the decentralized sched-uling
function adds and deletes a Tx cell. Node B will periodically receive data pack-ets from
node A, and usually there will be one packet per slotframe. The node B has 3 Rx cells
from A (timeslot 4, 9 and 16), which is shown in Fig. 2. In order to be able to forward
data packets from node A to the root node R, node B needs to add a Tx cell. Currently,
node B has 3 available Tx cells (timeslot 8, 14 and 18). In our scheme, the node B should
select one suitable Tx cell to minimize the end-to-end packet transmission delay. The
sum of the distance from the one selected Tx cell to all Rx cell is shortest. And the
calculation method of distance can refer to Eq. (2). Assum-ing the selected Tx cell is
timeslot 14, we can calculate the distance Dr1 is 10, Dr2 is 5 and Dr3 is 21 based on the
Eq. (1). Further assuming the probability Pr1 is 0.3, Pr2 is 0.6 and Pr3 is 0.1, we can
calculate the sum of distance is 8.1 based on the Eq. (2). Using the same method, we
can calculate the sum of distance value under different Tx cell. If the selected Tx cell is
timeslot 8, the sum of distance value is 15.9. And if the se-lected Tx cell is timeslot 18,
the sum of distance value is 9.8. By comparison, we can infer that the shortest distance
can be achieved by selecting Tx timeslot 14.

Fig. 2. Example of scheduling an Tx cell in the node B.

During a certain period of network running, the network traffic of node B is lower
than the capacity. The node B determines to delete one of the Tx cells. Figure 4 depicts
the general process of deleting Tx cells. Node B has 3 Rx cells from node A (timeslot
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4, 9 and 16) and 4 Tx cells to node R (timeslot 8, 11, 14 and 18). To each Tx cell, node
B counts the number of sending packets. It is easy to derive Pti, which is the packet
transmission probability of the i-th Tx cell. Here, the Tx cell with the lowest packet
transmission probability needs to be deleted. In Fig. 3 the Tx cell (timeslot 11) need to
remove.

Fig. 3. Example of unscheduling an Tx cell in the node B.

3 Simulation Setup and Results

3.1 Simulation Setup

We adopt 6TiSCH open-source simulator [15] to evaluate our decentralized scheduling
function. The 6TiSCH simulator is a discrete-event simulator written in Python, which
is fully support TSCH protocol stack. The experiment parameters can be easily set in the
configuration file. The num_Motes parameter is set to 25. The app_pkPeriod parameter
is set to 6 s, 12 s and 60 s respectively, which represent the traffic rate is 10 packets/min,
5 packets/min and 1 packet/min. And we repeat 30 runs for each scheduling function to
obtain the experiment results.

3.2 Experimental Results

In order to verify the effectiveness of our distributed scheduling function, we imple-
mented our scheme on 6TiSCH simulator. End to end delay is an important metrics in
distributed resource scheduling algorithm.Herewemainly consider twometrics: average
end-to-end latency and maximum end-to-end latency.

First, we compared our proposed scheme to SF0 and LLSF in terms of average end-
to-end delay. Average end-to-end delay is the main metrics of performance evaluation in
the resource scheduling algorithm. As shown in Fig. 4 (a), the average end-to-end delay
of our proposed scheme is much lower than that of SF0 and LLSF in the different traffic
rate cases. When the network traffic rate is 1 packets/min, the average end-to-end delay
of our proposed scheme is only about 0.75 s. At the same time, the average end-to-end
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delay of SF0 and LLSF reached 2.89 s and 1.81 s. Compare to SF0 and LLSF, the average
end-to-end delay of our proposed scheme has dropped significantly. Fig. 4 (b) shows
that the maximum end-to-end latency of our proposed scheme is much lower than SF0
and LLSF.

     
a The average end-to-end latency          b The maximum end-to-end latency

Fig. 4. The average and maximum end-to-end latency of SF0, LLSF and Our Proposed Function
in different cases.

4 Conclusion

In this paper, we presented an efficient decentralized scheduling function for TSCH-
based wireless networks. Our paper has three novel contributions. First, we proposed
a cell selection method which fully consider the use probability and distance of cell.
It can solve the problem of high latency in the current scheduling functions. Second,
we proposed a cell deletion method which fully consider packet transmission probabil-
ity. It can reduce network energy consumption. Finally, we implemented our proposed
scheme and verified its performance through experimentation on the 6TiSCH simulator.
The experimental results show that our proposed scheme can reach lower average and
maximum end-to-end latency than the SF0 and LLSF scheduling functions. In our future
work, we will deploy our proposed scheme in a real-world 6TiSCH wireless networks
to further verify its performance.
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