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Autonomous Allocation and Scheduling
of Minimal Cell in 6TiSCH Network

Alakesh Kalita

Abstract—6TiSCH standardization helps the Industrial
Internet of Things (IIoT) to achieve reliable and timed data
delivery. It also deals with minimal resource allocation during
network formation. However, faster network formation using
minimum resources remains an active research issue. 6TiSCH
minimal configuration standard (6TiSCH-MC) recommends to
use only one cell per slotframe known as the minimal cell for all
the nodes to transmit their network bootstrapping traffic. It is
observed that, including 6TiSCH-MC, the existing schemes did
not use all the available cells, and so, all the physical channels
at the timeslot where this minimal cell resides, i.e., at times-
lot zero. It results in underutilization of channel resources, and
thus, higher network formation time. To leverage the available
cells at timeslot zero of each slotframe, and thus to improve the
network formation performance, an autonomous allocation and
scheduling of minimal cell (TACTILE) is proposed. The main
challenge is to utilize the available cells at timeslot zero as there
is a minimal cell already scheduled for network bootstrapping.
To address this issue, TACTILE distributes the location of the
minimal cell as per nodes’ EUI64 addresses along the different
physical channels followed by scheduling them intelligently to
avoid de-synchronization among nodes. Combined with Markov
chain-based theoretical analysis, evaluation of TACTILE is done
on the FIT IoT-LAB real testbed. The testbed results show that
TACTILE can achieve 87% and 42% improvements in terms of
joining time and energy consumption, respectively, compared to
6TiSCH-MC.

Index  Terms—6TiSCH, autonomous cell allocation,
autonomous scheduling, Industrial Internet of Things (IIoT),
network formation.

I. INTRODUCTION

HE COMMUNICATION protocol layers in the Industrial

Internet of Things (IIoT) provide many services, such as
network bootstrapping and interoperability. Faster bootstrap-
ping of IIoT network helps in energy saving and efficient
sensory data collection. 6TiSCH is one type of IloT networks
that leverages the traditional IP network and builds upon
IEEE 802.15.4 time slotted channel hopping (TSCH) with
6LoWPAN [1]-[5]. Formation of the 6TiSCH network is the
initial stage of establishing communication among the nodes.
At the beginning of network formation, only the join regis-
trar/coordinator (JRC) transmits network information using an
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enhanced beacon (EB) frame. A new node, i.e., pledge tries to
join the network by randomly scanning the channels for receiv-
ing network advertisement control packet EB. Once the pledge
receives a valid EB, it transmits the join request (JRQ) frame
to the JRC or selected parent, and subsequently, it receives
the join response (JRS) frame from the JRC/parent for secure
enrollment [6], [7]. After securely joining the network, the
pledge waits for the routing layer control packet, which is a
destination oriented directed acyclic graph information object
(DIO) used by the network layer routing protocol for low
power and lossy network (RPL) [8]. Once the pledge suc-
cessfully receives DIO, it becomes an RPL node, and thus it
can transmit its own EB frame, which helps to join any new
node further in the network.

Although IEEE 802.15.4e standard defines the mechanism
to follow a schedule for both data and control packets, at the
same time, it did not define how the schedule is built and
maintained. Basically, resource allocation is needed because
the applications (e.g., smart home, wearable devices, and
industrial automation system) that use 6TiSCH communication
do not have predefined or periodic traffic patterns, i.e., they
could have nondeterministic traffic pattern or event-based traf-
fic generation. Furthermore, nodes can be added or removed
dynamically as per applications requirement [9], [10].

Therefore, 6TiSCH minimal configuration standard
(6TiSCH-MC) [11] was published to provide detailed
information about minimal resource usage during network
bootstrapping. This standard recommends to use only a
single shared cell, also known as the minimal cell in the
shared slot of a slotframe, for transmitting all control packets,
such as EB, JRQ, JRS, and DIO. The minimal cell of a
slotframe is shown in Fig. 1. Note that the position of
minimal cell for all nodes of a network remains same, i.e.,
at the location (slotOffset=0, channelOffset=0). To
maintain synchronization, the default allocation policy forces
all nodes to use minimal cells at the same location [0, O] of a
slotframe. The remaining cells starting from timeslot one of
a slotframe are called managed cells, and they are used for
data transmission using a communication schedule assigned
by a scheduling function, such as [9] and [10].

A. Motivation

Exiting works [12]-[16] revealed that the performance of
6TiSCH network formation degrades when new nodes join
in the network due to the allocation of only one shared cell
per slotframe for control packet transmissions. To address
this problem, Vallati et al. [12] increased the number of
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shared cells per slotframe dynamically, i.e., depending on the
number of control packets generated in a network. However,
the additional shared cells are added in different timeslots of
a slotframe, and thus, the default data transmission schedule
is affected by these additional shared slots. On the other hand,
Vucinic et al. [13], and Kalita and Khatua [14]-[16] proposed
various other approaches for the faster formation of 6TiSCH
network without violating the use of a single shared cell per
slotframe as suggested in 6TiISCH-MC. However, these works
turn out to be least efficient in terms of node’s joining time as
the problem of bandwidth scarcity still exists due to the use
of a single shared cell per slotframe.
Furthermore, because of the minimal cell’s fixed position at
[0, 0], only a single channel offset is used corresponding to
that shared timeslot. The usage of a single channel offset has
several disadvantages while multiple channels are available.
1) The other channel offsets remain unused in
slotOffset O (i.e., shared slot). These channel
offsets, and so the corresponding physical channels
are not used even for data packet transmission. Fig. 1
shows the unused cells in slotOffset 0.

2) All joined nodes participate in contention at the same
physical channel for transmitting their control packets.
This scenario reduces the probability of getting EB by
the pledges even when more joined nodes are available
because the pledges might continue scanning in different
physical channels. Furthermore, it increases congestion
in a single channel.

B. Contribution

To improve the performance of network formation, this
work wants to leverage the available channels at timeslot zero
of each slotframe up to their full extent. However, the main
challenge is to utilize the available cells at timeslot zero as
there is a minimal cell at [0, O] already scheduled for network
bootstrapping. To address the above issue, this article pro-
poses autonomous allocation and scheduling of minimal cell
(TACTILE). Unlike the previous approaches, the proposed
approach modifies the static allocation policy of the minimal
cell. Instead of allocating it at a fixed position [0, 0] for all
the nodes in the network, this work proposes to autonomously
allocate in any cell at timeslot zero based on the given alloca-
tion policy. This modification increases the number of shared
cells used in a network at slotOffset 0. In such alloca-
tion, the position of a minimal cell varies from node to node.
Therefore, there is a need of synchronization among them. A
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hierarchical scheduling technique is proposed to maintain syn-
chronization among the nodes. The proposed scheme improves
the EB reception probabilities of the pledges. Furthermore, it
reduces congestion in a shared cell, and does not hamper data
packet transmission as the modified allocations are done in
unused cells.

The proposed scheme is implemented on Contiki-NG [17]
and evaluated using FIT IoT-LAB [18] a large scale open IoT
testbed. Results show that TACTILE performs better than all
the benchmark schemes in terms of joining time and energy
consumption.

The contributions of this article are summarized as follows.

1) An autonomous minimal cell allocation scheme
(ALLQOT) is proposed for faster transmission of control
packets to all nodes.

2) A hierarchical odd-even minimal cell scheduling scheme
(CHOICE) is proposed for maintaining synchronization
between a sender and a receiver in a network.

3) Markov chain-based theoretical analysis, and exper-
imental performance evaluation using FIT IoT-LAB
real testbed are performed for the proposed scheme
TACTILE which is the combination of both ALLOT and
CHOICE schemes.

C. Paper Organization

The remainder of this article is organized as follows.
Section II summarizes the existing works related to network
formation in the 6TiSCH network. Section III briefly describes
the proposed methodology. In Section IV, theoretical analysis
of the proposed scheme is provided followed by the evalua-
tion on FIT IoT-LAB testbed. Finally, conclusion is drawn in
Section V.

II. RELATED WORKS

At the beginning, many works considered only TSCH syn-
chronization, and for that, the works concentrated either on
the number of transmitted EB frames [19] or collision-free
EB scheduling [20]-[23]. However, a node should also get
routing information after TSCH synchronization to completely
join in a multihop 6TiSCH network and transmit its own
beacon to extend the network further. Otherwise, network
inconsistency (i.e., inconsistency in DODAG formation) may
occur [11] in a multihop network topology. So, the main issues
of these works are that the authors did not consider multihop
6TiSCH network formation; rather they considered only the
TSCH synchronization. Also, many works did not consider
synchronization between sender-receiver pairs which creates
unstable networks. Furthermore, the works are not energy effi-
cient because more EB frames are transmitted by using more
shared cells. The extra allocation of shared cells further affects
the data transmission schedule.

Only a few works have been published considering both the
EB and DIO packets during 6TiSCH network formation [12]—
[16]. These works are briefly described here. Vallati et al. [12]
proved that the 6TiSCH-MC does not provide enough resources
to transmit all the generated control packets during network
bootstrap. Hence, instead of using a single shared cell per
slotframe, the authors allocated more number of shared cells
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TABLE I
EXISTING WORKS IN 6TISCH NETWORK FORMATION

Control packet Multi-hop | Shared Sender Synchronized
Scheme considered network cell receiver | multiple channel
EB | DIO | JRQ/JRS | formation | per node sync. usage at a time
[19] v X X X >1 X X
[20] v X X X >1 X
[21] v X X X > 1 X X
[22] v X X X >1 X X
[23] v X X X >1 X X
[12] v v X v >1 v X
[13] v v v v 1 v X
[14], [15] | v v v v 1 v X
[16] v v v v 1 v X
[24] v v X v >1 v X
TACTILE | v v v v 1 v v

per slotframe to transmit the generated control packets in less
time. Vucinic et al. [13] proposed that the beacon transmis-
sion probability should be 0.1 irrespective of the number of
nodes present in the network. Here, less EB sending probability
is used to reduce the congestion in a shared cell. However,
this less number of transmitted EB may increase the join-
ing time of the nodes with less joined neighbors. Kalita and
Khatua [14], [15] proposed to use dynamic beacon interval
instead of fixed beacon interval to reduce congestion in a
shared cell. The authors computed beacon intervals of each
node depending on shared cell congestion status. However,
this approach cannot reduce congestion significantly, and so
the formation time. Again the authors showed the importance of
DIO packet during network formation in [16], but they did not
consider the channel congestion issue in that work. Even though
the works [13]-[16] achieved faster formation than 6TiSCH-
MC, but failed to achieve same performance as compared to
DRA [12] in terms of joining time. This is because DRA allo-
cated more number of shared cells per slotframe. However, the
allocation of extra shared cells in [12] has several disadvan-
tages. First, nodes consume more energy as they need to keep
their radios active in all the allocated shared cells. Second, it
hampers the data transmission schedule as some data trans-
mitted dedicated cells are converted into shared cells. Apart
from this, in total ((number of channels used in a network —1)
x number of allocated shared cells) number of cells remain
unused in each slotframe. Finally, the allocation is not effi-
cient in terms of channel contention as it is not decided which
node is going to transmit in which allocated shared cell. The
work in [24] proposed an asynchronous distributed scheduling
algorithm where a node autonomously schedules its EB, DIO,
and other data packets. However, they did not evaluate their
scheduling algorithm during network formation.

It is important to note that all the above mentioned works
fail to take advantage of multiple channels at the shared slots,
specifically at timeslot zero in each slotframe. This results in
high congestion at the shared cells, and thus low EB recep-
tion probability of the pledges. This, in turn, increases network
joining time and energy consumption of the pledges. It is note-
worthy that as these works, including the proposed work, are
related to control packet transmission; hence, any data schedul-
ing scheme, such as [9], [10], and [25] should be used along
with the proposed scheme for data transmission. The impor-
tant features of existing works related to 6TiSCH network
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formation are shown in Table I comparing with the proposed
scheme TACTILE.

III. PROPOSED SOLUTION

The works in [12]-[16] mentioned that the number of cells
per slotframe allocated by 6TiSCH-MC is not sufficient to
transmit all the generated control packets during 6TiSCH
network bootstrapping. To validate this claim, we perform
simulation experiments using the Cooja simulator on Contiki
NG [17]. Two grid topologies having 5 x 5 and 6 x 6 nodes
are used for the simulation. It also uses slotframe length
equals 101 timeslots where each timeslot duration is 10 ms.
Like 6TiSCH-MC, we consider only one shared cell per slot-
frame at slotOffset=0 to simulate first scenario, and for
second scenario, we consider two shared cells per slotframe
at slotOffset=0 and 1. Results show that the pledges
join the 6TiSCH networks, i.e., receive EB frame followed
by their secure enrollment and DIO packet reception, in less
time in the second scenario compared to the first scenario.
The joining times are improved by 37% and 23% in 5 x 5 and
6 x 6 grid topologies, respectively. Hence, it can be claimed
that the formation time of 6TiSCH networks can be improved
by increasing the number of shared cells per slotframe. A
similar type of improvement is also proved by the scheme
DRA [12]. However, such improvement consumes multiple
shared slots per slotframe which slots could be used for other
communications such as data transfer otherwise.

Based on the above understanding, this work proposes,
an autonomous allocation and scheduling of minimal cell
(TACTILE) for allocating multiple shared cells by leveraging
two attributes: 1) the location of node links in the DODAG
topology and 2) the availability of multiple channels at a
fixed timeslot. TACTILE contains two subschemes. At first,
autonomous minimal cell allocation (ALLOT) subscheme is
proposed for distributing the allocation of minimal cell verti-
cally at slotOffset O based on the nodes’ position in the
DODAG topology. It autonomously allocates at most three
shared cells as minimal cells at slotOffset 0 to a joined
node for transmitting different types of control packets. As all
the shared minimal cells are allocated in the same timeslot,
only one cell can be used at a time by the joined node, and
thus, it follows the 6TiSCH-MC standard, but, unlike DRA, the
number of shared cells per slotframe is increased by allocating
the shared cells in one of those unused cells in slotOffset
0 intelligently. This modification gives a better performance
during network formation by reducing frame collision utilizing
multiple channels at a time.

Now the important question is which minimal cell will
be used and when by which node? Furthermore, how does
the receiver know which channel the transmitter is using
currently? In short, the ALLOT scheme creates a syn-
chronization issue. For solving it, this article proposes a
CHOICE subscheme. So, when a pledge wants to join the
network, it should follow both the subschemes together.
How the proposed subschemes are followed together is men-
tioned in the TACTILE framework. In the below sections,
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Algorithm 1 ALLOT Autonomous Minimal Cell Allocation

1: if node is JRC then

2 Rx, Tx cell = [0, hash (EUI64 (JRC) ,N)]

3: else if node is TSCH sync but not join DODAG then
4: if parent of the node is JRC then

5: Rx, Tx cell = [0, hash (EUI64 (JRC) ,N¢)]
6.

7

8

else
Rx cell=[0, hash (EUI64 (parent) ,N¢)]
: Tx cell=[0, hash (EUI64 (grandparent) , N)]
9: end if
10: else if node is TSCH sync and join DODAG then
11: Tx cell = [0, hash (EUI64 (own) ,N¢)]

12: else > node is not TSCH sync or disconnected
13: Scan channel for EB frame
14: end if

both the subschemes and the framework are discussed in
detail.

A. Autonomous Minimal Cell Allocation

Algorithm 1 describes the procedure for autonomous
minimal cell allocation (ALLOT) by the nodes of
a O6TiSCH network. At first, only the JRC is there
in the network, and thus, it assigns one minimal
cell at [0,hash(EUI64 (JRC),N.)]. The function
hash (EUI64 (XY),N.) returns a value between [0, N, — 1]
based on the EUI64 address of the node XY. Here, N, is the
total number of channels available in the network. Detailed
procedure of the hash function is described in [26]. If a pledge
receives an EB frame from the JRC, then the pledge allocates
a minimal cell at [0, hash (EUI64 (JRC),N.)] for both
transmission (Tx) and reception (Rx). Otherwise, it allocates
two minimal cells at [0, hash(EUI64 (parent),h N¢)]
and [0,hash (EUI64 (grandparent),N.)] considering
that it has received the EB frame from another joined node
who is selected as its parent node. Here, EUI64 (parent)
and EUI64 (grandparent) are the EUI64 addresses
of parent and grandparent of the pledge, respectively.
The minimal cell at [0,hash(EUI64 (parent),b N¢)]
is used for listening any control frame from both its
parent and child nodes. Whereas, the minimal cell at
[0,hash (EUI64 (grandparent),N.)] is used for
transmitting control frames, such as JRQ and DIS to its
parent. After this allocation, when a TSCH synchronized
node gets a valid DIO packet, i.e., the node joins to DODAG
of the 6TiSCH network, then the node allocates one more
minimal cell at [0, hash (EUI64 (own),N.)] to transmit
its own control packets. Here, EUI64 (own) is the EUI64
address of the node itself. It is noteworthy that all the
allocations are done at slotOffset=0, and so, in the
unused cells.

In this process, a hash collision may occur when the number
of joined nodes surplus the number of available channels. The
hash collision results in the same minimal cell allocation to the
colliding nodes. Note that the congestion in the shared minimal
cell occurs only when the hash colliding nodes generate their
control packets simultaneously. The channel offsets are calcu-
lated based on nodes EUI64 addresses, making the allocation
distinct. Information about parent EUT64 address is implicitly
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Node Minimal cell

Fig. 2. Autonomous minimal cell allocation by ALLOT.

Algorithm 2 Hierarchical Odd-Even Minimal Cell Scheduling

1: if node is JRC and odd-even selection is not done then
2: Randomly decide odd-even shared cell
for listen/transmit > Do it once at the beginning

3: else if node’s parent transmits in this shared slot then
4: Schedule Rx cell [0, hash (EUI64 (parent) ,Ng)]
5: else if node has packet to send then > Transmit
6: if packet is broadcast or unicast to child then
7: Schedule Tx cell [0, hash (EUI64 (own) ,N¢)]
8: else if node’s parent is JRC then
9: Schedule Tx cell [0, hash (EUI64 (JRC) ,N¢)]
10: else
11: Schedule Tx cell[0, hash (EUI64
(grandparent) ,N¢)]
12: end if
13: else > Listen as node does not have packet to send

14: Schedule Rx cell [0, random no % N.)]
15: end if

mentioned in EB frame, whereas, grandparent EUT64 address
can be added in the information elements (IE) of an EB frame.
Hence, no other control packet needs to be transmitted to pro-
vide information about added minimal cells’ location. Thus,
ALLOT allocates extra shared cells without affecting the data
transmission schedule and increasing the radio duty cycle of
the nodes.

Fig. 2 depicts an example of cell allocations by ALLOT.
In the figure, node 6 allocates three shared minimal cells in
slotOffset 0 which are [0, 1], [0, 3], and [0, 6]. Channel
offsets 1, 3, and 6 are calculated using the EUI64 addresses
of the grandparent, parent, and the node itself, receptively. On
the other hand, node 1 allocates two shared cells using channel
offsets 1 and O as its parent and grandparent are the same.

B. Hierarchical Odd-Even Minimal Cell Scheduling

A synchronization problem will occur as the ALLOT
scheme allocates minimal cells at different locations for the
different nodes. So, when a parent node transmits its control
packet, its immediate child node may be busy transmitting
its own control packet using a different channel offset. In
this case, control packet reception might be missed by the
child node. This event can lead to inconsistency in a network.
Therefore, proper scheduling of the allocated cells is necessary
for maintaining synchronization among the pairs of parent-
child nodes in a network. Algorithm 2 describes the procedure
of the proposed scheduling scheme.

The absolute slot number (ASN), which denotes the total
number of timeslots that has elapsed since the network
started, is used in the proposed scheduling scheme. Note
that if the ASN value of the minimal cell in ith slotframe
is odd, then that in (i + 1)th slotframe is even, and vice
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versa when a slotframe length is an odd number. At the
beginning, the JRC randomly decides whether it is going to
transmit its control packets in the minimal cell associated
with either odd or even ASN value. The other nodes decide
their Rx and Tx cells based on their parent nodes’ Tx and
Rx strategies. A joined node listens from both its parent and
child nodes during its parent node’s transmission slot, i.e.,
at [0,hash (EUI64 (parent),N:)]. On the other hand,
a joined node transmits its own control packet or unicast
response/request to its child node during its parent node’s
listening slot, 1i.e., at [0,hash(EUI64 (own),h Ny)].
At the same listening slot of its parent, unicast
request/response to its parent is also transmitted but
using the shared cell at [0, hash(EUI64 (JRC),N.)] or
[0,hash(EUI64 (grandParent),N.)] according to
node’s position in the DODAG. A node uses grandparent’s
EUI64 address to transmit control packets to its parent
because at that time the parent node listens using the grand-
parent’s (i.e., parent of the parent) EUTI64 address. Note that
when a node does not have a grandparent, its parent node is
treated as its grandparent node for allocating and scheduling
Tx and Rx minimal cells. In this way, hierarchical scheduling
is performed to transmit control packets in a network from
top to bottom of a DODAG to maintain synchronization.

This scheduling technique reduces congestion in a network
as a node allows to transmit only when its parent is listening
and vice versa. Referring to Fig. 2, node 6 transmits its request
control packets (such as JRQ and DIS) to its parent node 3
using the EUT64 address of node 1. This is because, at that
time, node 3 listens for control packets using its parent EUT 64
address. Furthermore, when node 6 and node 1 transmits at
the even ASN timeslot, node 3 used to listen in that timeslot.
Hence, there is no scheduling conflict between a pair of parent-
child nodes.

C. TACTILE Framework

It is already mentioned that both the ALLOT and CHOICE
schemes are running together in TACTILE. Fig. 3 shows a
complete framework of a new node’s joining process for the
construction of the 6TiSCH network. A node goes through
four states: 1) pledge; 2) TSCH synced node; 3) TSCH joined
node; and 4) 6TiSCH joined node/RPL node for joining to
a 6TiSCH network. Initially, a pledge waits for a valid EB
on a randomly selected channel. Once it receives an EB, the
node moves to TSCH synced state. At this state, the node is
TSCH synchronized but not yet completed the secured enroll-
ment steps by exchanging JRQ and JRS frames. Once it is
done, the node moves to TSCH joined node state. At this
state, the node waits for RPL routing information required for
multihop network formation. Once the node gets the RPL rout-
ing information through the DIO control packet, it moves to
the last state, which is the RPL node or 6TiSCH joined node.
At this state, the joining procedure to a 6TiSCH network is
completed for that node. During this bootstrapping steps, a
node allocates minimal cells for transmitting or listening con-
trol packets. The framework in Fig. 3 shows when the node
will allocate minimal cell using Algorithm 1 and when the
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States of a node: Activities during network formation

I Scan for EB .
Pledge I Algo 1:Step 13—:—| Received EB

Allocate minimal cell
by Algo 1: Steps (3-9)

Parent Tx slot
Algo 2: Step

Schedule minimal cell
Algo 2: Steps (8-15)
|

Schedule minimal cell

|
|
|
|
|
|
|
|
|
|
|
| Algo 2: Step 4
I

|
TSCH | |
sync node |

| Received | |
DIO packet]

Perform secure joining by
exchanging JRQ and JRS
]

Allocate minimal cell
by Algo 1: Steps (10-11)

Parent Tx slo
Algo 2: Step

Schedule minimal cell|| Schedule minimal cell
Algo 2: Step 4 Algo 2: Steps (5-15)
I |

6TiSCH

joined node

Fig. 3. TACTILE framework describing various states and activities of a
pledge during its joining process.

TABLE I
LI1ST OF FREQUENTLY USED SYMBOLS

Symbol Meaning

N, Total number of channels

L Slotframe length

Iep Beacon generation interval

Py EB transmission probability in a shared cell

Pepg  Successful EB transmission probability in a shared cell
Paio DIO transmission probability in a shared cell

Pprog Successful DIO transmission probability in a shared cell
Pjrq JRQ transmission probability in a shared cell

Pjrgg Successful JRQ transmission probability in a shared cell

Pijrs JRS transmission probability in a shared cell

Pjrss Successful JRS transmission probability in a shared cell
Pioss Packet loss probability
Np Maximum number of trickle states

cell will be scheduled using Algorithm 2. Note that if a node
gets disconnected from the network at any point of time, the
node needs to rejoin the network as a fresh pledge node. After
rejoining, the previous allocation and scheduling status get
changed based on the newly selected parent. Note that steps 1
and 2 in both the algorithms are not mentioned in the frame-
work, as they are associated with the JRC but the framework
is for a new node.

IV. PERFORMANCE ANALYSIS

In this section, the TACTILE scheme is evaluated using
Markov Chain-based theoretical model followed by real
testbed experiments on FIT IoT-LAB testbed. Table II summa-
rizes few symbols and their corresponding meaning frequently
used in this section.
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N3

Radio range

QIRC

O Node — Communication
link

(b)

Fig. 4. (a) Markov chain model of node joining process. (b) Multihop network
topology considered for the analysis.

A. Theoretical Modeling

In the framework of TACTILE, it is already mentioned that
a pledge goes through four states for joining to a 6TiSCH
network. As the probability of each set of activities, as men-
tioned in the framework, depends only on the state attained
by the previous set of activities, we can model the behav-
ior of a pledge using the Markov Chain. Those four states
of a pledge would be the states of the Markov Chain model,
as shown in Fig. 4(a). The average time spent in each dis-
tinct state is critical to estimate the pledge’s average joining
time (AJT). So, the Markov Chain model-based analysis is
used to estimate the AJT of a pledge following the compu-
tation methodology as described in [15]. This is nothing but
the average time required to reach to the final absorbing state
of the Markov Chain starting from the initial state. The initial
state shows that a pledge waits for an EB to know about the
basic parameters of the network. Once the pledge receives a
valid EB frame, it moves to the second state. Let us assume
Pgg; is the probability of successfully receiving EB frame at
first state. Similarly, a pledge moves to the third state after
finishing its secure enrollment process. Let us assume Pjoin is
the probability of completing the secured enrollment process.
In the third state, a joined node waits for routing protocol
information, and once it receives at least one fresh/recent DIO
packet with probability Ppioy, it moves to the final absorbing
state. In this state, a node successfully joins a 6TiSCH network
and becomes an RPL node or 6TiSCH joined node. So, the
transition probability matrix of the Markov Chain model can
be written as follows:

1— PEBS PEBS 0 0
S = 0 1- Pjoin Pjoin 0
0 0 1 — Ppioy;  Ppiog
0 0 0

The average number of slotframes (ASF) required to reach
the absorbing state can be computed as follows:

1 1 1 1
ASF = + ( + ) + . (1)
Pggg Pjro;  Pirsg Ppiog

Note that a TSCH joined node transmits the JRQ frame to
its selected parent in the secured joining process, followed
by receiving the JRS frame from the parent. Therefore, the
probability Pjoin is written in terms of Pjrgg and Pjrsg. Now,
the values of Pgmg, Pprog, Pirsg, and Pjrg, are required
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to compute the value of ASF. For this, a multihop network
model is considered as shown in Fig. 4(b), in which each
node has different number of neighbors. According to the
TACTILE, every node sends its control packet using its own
Tx cell [0,hash(EUI64 (own) ,N.)]. Furthermore, if a
node sends its control packet in an even shared slot, it lis-
tens in an odd shared slot, and vice versa. Let us assume a
node has n joined neighbor nodes and M total neighbor nodes
in its surrounding. In the best case, there is at least one joined
neighbor, and all the remaining (M — 1) neighbors are a pledge.
In this case, only one node transmits its control packet, so no
collision occurs. All the n joined nodes transmit their control
packets at the same shared slot in the worst case. Hence, there
is no transmission by these n joined nodes in the immediate
next shared slot. So, (1/2) nodes transmit their control packets
in each shared slot on average. Following this, the probability
of receiving an EB frame successfully by a pledge in a shared
minimal cell is computed as follows:

M—n n

7 \n n=2 n=2

Peps = ) (ﬁ) S Peb(1 = Pep) 7 (1 = Paio)
n c

M

X (1=Pyys) 5% (1=P) & (1=Piows) P(N=n) (2)

where, the value of n and M can be different for every node
of a network. Here, (M — n) pledges join the network one by
one, and the P(N = n) denotes the probability of being total
n joined neighbor node at any instant of time which equals to
(1/M) considering uniform probability distribution. When an
RPL node sends its EB frame, on an average the remaining
([n/2] — 1) RPL nodes should not send their control pack-
ets (EB/DIO/JRS). The probability of this condition equals to
(Pep (1 — Pen)"=2/2N (1 — Pyig) "2/2Ne) (1 — Py I1=21/20e))
in (2). Additionally, the neighbor new nodes also should
not send their JRQs, which is represented by the proba-
bility ((1 — Pj)M="/Nel). The term [n —2/2N,] denotes
that, in TACTILE, collision occurs in worst case only when
(n/2) — 1 > N, in a single hop scenario. Otherwise, all the
joined nodes send their control packets using different channel
offset. (1 — Ploss) is the probability that a transmitted frame
should not be lost in the channel. Finally, successful transmis-
sion probability of EB is reduced by [n/2/N.] as a pledge is
not synchronized initially. Furthermore, the EB frame can be
transmitted by any of the (n/2) neighbor joined nodes which
result in multiplying the computed probability by (1/2).

Similarly, the probability of sending a DIO packet success-
fully in a minimal cell is computed as

Moy, n=2 n=2
Ppiog = Z EPdio(l — Pyio) 2Me (1 — Pep) 2Ne
n

n=2
c

X (1=Pyrs) 55 (1=Pjg) " (1=Pioss) PON=n). (3)

Note that in the above equations, ((n/2)/N.) is not used
because a node knows its coordinator’s channel hopping
sequence after getting an EB frame successfully. Likewise, the
probability of sending a JRQ frame and receive a JRS frame
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Fig. 5. Analytical results on (a) TSCH synchronization (b) 6TiSCH formation time and (c) energy consumption by a node.

successfully in a minimal cell is also computed as

= 5 5
PirQs = ) (M —n)(1 = Per) ¥ (1 — Pgio) % Pjry
" M—n+1 _n_
X (1 - Pjrq) Ne (1 - Pjrs) e (1 — Pross)P(N = n)
)
My, n=2 n=2 n=2
Pirss = ) 5Pjrs(1 = Pjre) % (1 = Pep) % (1 = Pyjo)

n
M—n+1
x (1= Pyy) ©
Now, to compute the above mentioned probabilities, we should
know the transmission probabilities of EB and DIO in a mini-
mal cell which are Pep and Pgj,, respectively. The probability
Py, can be calculated as

(1 = Pioss)P(N = n).

Pep = L/Ieb (6)

where, L is the slotframe length and /¢, is the beacon interval.
We compute the probability Pg;, following the procedure
described in [12] as follows:

2D (1 — p,)No min<m, 1)
+ LN P21 = P min( 5, 1)
Pr+2Np(1 = PyNo+ 3071 P2i(1 — Py
(N
where, I, is the initial DIO interval, P, is the Trickle algo-
rithm reset probability and Np represents the total number of

trickle algorithm states. Finally, the AJT of a new node is
calculated as follows:

Pgio = (1 — Pep)

AJT =PIT+ ASFx L ()

where PJT is the AJT of the parent node of a new node in a
multihop network. The formation time of an entire network is
the joining time of the node added last in the network.

B. Performance Metric and System Setup

Three performance metrics are mainly considered in evalua-
tion: 1) TSCH synchronization time; 2) 6TiSCH joining time;
and 3) energy consumption. Here, the TSCH synchronization
time is the time required by a pledge to receive the first EB
frame successfully as shown in Fig. 4(a). On the other hand,
6TiSCH joining time denotes the time required by the pledge

to reach the final absorbing state of the Markov Chain model
in Fig. 4(a). In theoretical evaluation, the energy consump-
tion is calculated for GINA motes using the similar approach
described in [15]. Here, the average energy consumption of
a node considers both the energy consumptions when the
node was pledge and after the pledge becomes a 6TiSCH
joined node. As the pledges join in the network one after
another, the energy consumption of a 6TiSCH joined node
until full network formation is considered in the calculation.
However, in testbed experiments, a node’s energy consumption
is calculated from its average radio duty cycle.

We consider a random network topology with the values
of few parameters as follows for theoretical evaluation of the
proposed scheme: N¢ = 16, I, = 4 s, Ploss = 0.2, Imin =
8 ms, L = 101 timeslots, T; = 10 ms, Np = 16, and P, = 0.2.
For evaluating C2DBI, we consider minimum beacon interval
]gt‘)in =4 x L, and maximum beacon interval I;;"™ = 10 x L.

To perform the testbed experiments, at the beginning, the
proposed TACTILE scheme is implemented in Contiki-NG.
As the grandparent EUI64 address is also used in the scheme,
therefore, a node include its parent EUI64 address in the IE
of its EB frame. So, the child nodes can use that EUI64
address as their grandparent EUI64 address. Subsequently,
the implementation of TACTILE has been flashed in a real
testbed FIT IoT-LAB [18] for performance evaluation. The
fixed beacon interval o, is set to 4 s for 6TiISCH-MC, DRA,
and TACTILE, whereas, for C2DBI, Igf)i“ issetto4 sand I3™
is set to 12 s. The channel busy ratio (CBR) is calculated in
the interval of 8 s. Note that in the testbed experiments, the
TACTILE is also compared with one more benchmark scheme
called DRA along with the 6TiSCH-MC and C2DBI. Here, a
maximum 8 shared slots are allocated to DRA in a slotframe.
In the testbed, the IoT-Lab M3 nodes are deployed using a
(2x12) linear topology and a (5 x 5) grid topology in Grenoble
and Lille locations, respectively. Other configuration settings
used in the real testbed experiments are tabulated in Table III.

C. Theoretical Results

Fig. 5 pictorially depicts the theoretical results along with
a comparative study with two benchmark schemes 6TiSCH-
MC [11] and C2DBI [15]. Note that the theoretical analysis of
6TiSCH-MC and C2DBI are given in [15]. In this article, we
have used the same analysis to draw the plots. Fig. 5(a) and (b)
show the TSCH synchronization time and 6TiSCH joining
time, respectively.
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Fig. 6. Testbed results on TSCH and 6TiSCH formation time and the aver-
age energy consumption corresponding to various experimental time intervals
(e.g., 0-2 min, 24 min, etc.,) under the (2 x 12) and (5 x 5) network topolo-
gies. (a) TSCH formation in 2x 12. (b) 6TiSCH formation in 2x 12. (c) Energy
consumption in 2 x 12. (d) TSCH formation in 5 x 5. (¢) 6TiSCH formation
in 5 x 5. (f) Energy consumption in 5 x 5.

Energy consumption (

Schemes

TABLE III
EXPERIMENTAL SETTINGS

Parameter Value

Operating System Contiki NG

Testbed FIT IoT-LAB, Grenoble, Lille
Mote IoT-LAB M3

Number of channels 16

Timeslot length 10 ms
Slotframe length 101 timeslots
RPL version RPL Lite
RPL DIO interval Trickle Algo.
Experiment duration 60 minutes

Results show that the pledges’ joining time increases with
the increasing number of joined nodes using the benchmark
schemes, i.e., 6TiSCH-MC and C2DBI. It is because both the
schemes use only a single physical channel in the shared slots
to transmit control packets even though IEEE 802.14.4e allows
to use multiple physical channels at a time. So, the congestion
in the single transmission channel increases with the increasing
number of nodes. This behavior is common in random channel
access protocols such as CSMA/CA-based wireless commu-
nication. When the number of nodes increases, congestion in
the transmission channel also increases. In 6TiSCH commu-
nication, this behavior results in delayed packet transmission
due to congestion in shared cells. This delayed transmission
of control packets increases the formation time of the 6TiSCH
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network. Although the congestion in a shared cell is reduced
a bit in C2DBI by increasing the beacon interval, that much
of reduction is not sufficient compared to that in TACTILE.

On the other hand, TACTILE reduces the congestion using
the distribution of minimal cell position of different nodes
along the channel offset axis per slotframe. Therefore, instead
of using a single channel for all nodes, TACTILE uses all
the available physical channels in the shared timeslots when
the number of nodes and number of hops in the network
topology is more. Hence, even when the number of nodes
increases, congestion in a particular transmission channel does
not increase abruptly. So, less delay in transmission of con-
trol packets, unlike the 6TiSCH-MC and C2DBI. This helps
in improving the formation time. Furthermore, as the pledges
scan random channels for EB, in TACTILE, the transmis-
sion of more EBs by multiple joined nodes simultaneously
using different physical channels increases the EB reception
probability of the pledges.

Fig. 5(c) shows the energy consumption of a node dur-
ing network formation. It is observed that when the number
of nodes increases, the congestion in the minimal cell also
increases. Because of this increasing congestion, pledges need
to keep their radios active for more amount of time to get
an EB frame. In other words, nodes are having 100% radio
duty cycle for a longer duration, and it causes a quick energy
drain. Hence, 6TiSCH-MC shows worst result than C2DBI
and TACTILE. On the other hand, leveraging all the physi-
cal channels for transmitting EB frames by different nodes in
different levels of the topology, TACTILE reduces the TSCH
synchronization time of the pledges, which in turn reduces
their energy consumption.

D. Testbed Results

The received results are plotted in Fig. 6 using the cumu-
lative distribution function (CDF) of TSCH and 6TiSCH
formation time. Fig. 6(a) and (d) show the time required by a
pledge to receive its first EB frame corresponding to two dif-
ferent topologies. On the other hand, Fig. 6(b) and (e) shows
the time required by a pledge to receives its first DIO packet
after the completion of its TSCH joining process. Received
results show that the TACTILE performs better than 6TiSCH-
MC and C2DBI, whereas it shows almost similar results with
DRA in terms of both TSCH and 6TiSCH joining times. The
reason of comparative performance by the DRA is the usage
of more number of shared slots in a slotframe. So, DRA and
TACTILE mitigate congestion for control packet transmissions
in a slotframe.

Fig. 6(c) and (f) show the average energy consumption of
a pledge during the initial 10 min of network formation. In
the initial 10 min most of the nodes are synchronized with
TSCH, and so, energy consumption of the network almost
remains constant after this period. In DRA, all the nodes need
to keep their radios active in all the allocated shared slots as
the node does not know in which shared slot its expected con-
trol packet will be transmitted. This increases the radio duty
cycle of the nodes, which in turn consumes more energy con-
sumption. On the other hand, in TACTILE, a receiver knows
the exact location of a sender’s transmission cell. Hence, the
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nodes save their energy by not keeping their radios active in
more than one cell in a slotframe. It can be seen that DRA
consumes more energy, even more than C2DBL

In brief, the obtained results show that the proposed
TACTILE scheme achieve 87%, 67%, and 3% improvements
in terms of 6TiSCH joining time, and 42%, 23%, and 29%
improvements in terms of average energy consumption over
6TiSCH-MC, C2DBI, and DRA, respectively, in 5 x 5 grid
topology. Similarly, results show significant improvements in
joining time and energy consumption in 2 x 12 grid topology.

V. CONCLUSION

It is observed that the existing schemes do not use all the
available physical channels at timeslot zero of each slotframe
for the transmission of bootstrapping control packets. It results
in lesser EB reception probability and higher shared chan-
nel congestion for the pledges. This, in turn decreases the
performance of the network formation process with respect
to joining time and energy consumption. To deal with the
underutilization of channels, more number of shared cells
are allocated by repositioning the minimal cell followed by
a scheduling algorithm in the proposed scheme TACTILE.
Following the 6TiSCH-MC standard, minimal cell allocation
is done at timeslot zero of each slotframe, but the channel
offset of the minimal cell is distributed among all the avail-
able channels. At most three minimal cells are allocated to
each node and the position of the cells are different in a
slotframe. So, proper scheduling is necessary to synchronize
the transmission and reception among each pair of nodes.
To achieve this, a scheduling scheme is also proposed in
TACTILE. Along with the Markov Chain-based theoretical
analysis, real testbed experiments are also performed to eval-
uate the proposed scheme and compare it with the existing
benchmark schemes. The received results show that TACTILE
can achieve 87% and 42% improvements in terms of joining
time and average energy consumption, respectively, compared
to 6TiSCH-MC.
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