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The IETF is currently de�ning the 6TiSCH architecture for the Industrial Internet of Things to ensure reliable
and timely communication. 6TiSCH relies on the IEEE TSCH MAC protocol and de�nes di�erent scheduling
approaches for managing TSCH cells, including a distributed (neighbor-to-neighbor) scheduling scheme, where
cells are allocated by nodes in a cooperative way. Each node leverages a Scheduling Function (SF) to compute
the required number of cells, and the 6top (6P) protocol to negotiate them with neighbors. Currently, the
Minimal Scheduling Function (MSF) is under consideration for standardization. However, multiple SFs are
expected to be used in real deployments, in order to accommodate the requirements of di�erent use cases. In
this paper, we carry out a comprehensive analysis of 6TiSCH distributed scheduling to assess its performance
under realistic conditions. Firstly, we derive an analytical model to assess the 6P protocol, and we show that
6P transactions take a long time to complete and may also fail. Then, we evaluate the performance of MSF
and other distributed SFs through simulations and real experiments. The results show that their performance
is a�ected by the failure of 6P transactions and the instability of the routing protocol, which may lead to
congestion from which the network is unable to recover. Finally, we propose a new SF (E-OTF) and show,
through simulations and real experiments, that it can e�ectively improve the overall performance, by allowing
nodes to quickly recover from congestion.
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1 INTRODUCTION
In industrial environments, Wireless Sensor Networks (WSNs) are a crucial enabling technology to
reduce costs and improve e�ciency of industrial processes. In this context, a reliable and timely
communication is required to satisfy the needs of critical applications, such as remote control and
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monitoring. To this end, in 2015 the IEEE issued a revised version of the popular 802.15.4 standard
for WSNs [1]. The revised version includes the Time Slotted Channel Hopping (TSCH) Medium
Access Control (MAC) protocol that speci�cally targets industrial and embedded applications. It
relies on time-slotted access, multi-channel communication and frequency hopping, and can ensure
guaranteed bandwidth, deterministic latency, reliable communication, high aggregate throughput,
and energy e�ciency.
The evolution towards the Industrial Internet of Things (IIoT) will require the interconnection

of WSNs with IPv6 networks, in order to allow the seamless integration with existing platforms
and services. To foster the integration of TSCH WSNs into the IPv6 infrastructure, IETF recently
formed the“IPv6 over the TSCH mode of IEEE 802.15.4e” (6TiSCH) Working Group (WG). This WG
is currently de�ning the 6TiSCH architecture [30, 35] to allow the adoption of IPv6-based protocols,
such as 6LoWPAN and IPv6 Routing Protocol for Low-Power and Lossy Networks (RPL), on top of
the TSCH MAC protocol.
Since TSCH does not specify how communication resources (i.e., TSCH cells) are allocated to

nodes, the 6TiSCH architecture introduces an additional layer above the MAC layer to provide the
concept of IPv6 link over TSCH and de�ne the policy to manage TSCH cells. 6TiSCH considers four
di�erent paradigms for building and maintaining the TSCH schedule [30], namely static, centralized,
distributed (neighbor-to-neighbor), and hop-by-hop scheduling. However, the distributed approach
has attracted more attention, as it guarantees self-con�guration and adaptability to time-varying
network conditions [27]. In distributed scheduling, a Scheduling Function (SF) is used by each node
to calculate dynamically the number of cells to allocate, while the 6top (6P) protocol is used to
negotiate the required cells with its neighbors [36]. Currently, the Minimal Scheduling Function
(MSF) [4] is considered by the 6TiSCH WG for standardization as reference SF, while previously,
the On-The-Fly (OTF) algorithm [27] was considered. However, multiple SFs are expected to be
used in practice in order to meet the requirements of di�erent use cases [30]. Hence, many di�erent
SFs have been proposed in the literature [2–5, 8, 16, 25, 27].
In this work, we carry out a comprehensive analysis of the 6TiSCH distributed mode, to assess

its performance, mainly in terms of end-to-end reliability and latency provided to the application,
under realistic conditions. In our study, we consider not only the SF, but also its interplay with the
6P and RPL protocols.
First, we analyze the performance of the 6P protocol by developing an analytical model, based

on a Markov-Chain, to investigate the dynamics of 6P transactions. This allows us to obtain a raw
estimation of the time required to complete a resource negotiation between neighboring nodes,
and its success probability. Although some previous works assume instantaneous 6P transactions
[24, 27], our analytical results show that, when considering non-ideal wireless links, a 6P negotiation
may take a considerable amount of time to complete and its failure probability is not negligible.

Then, we carry out a performance evaluation of the overall 6TiSCH distributed mode. To this end,
we consider three di�erent SFs taking a di�erent approach to cell allocation and deallocation, and
investigate the impact on their performance of the 6P and RPL protocols. Speci�cally, we analyze
MSF [4], OTF [27], and PID [8]. The evaluation is carried out through simulations and experiments
on a real testbed. Our analysis show that the performance of the SF is signi�cantly a�ected by route
changes, triggered by RPL, and scheduling mismatches caused by the failure of 6P transactions.
These events may cause congestion at intermediate nodes along the path towards the destination,
resulting in high end-to-end latency and low reliability.

In order to overcome these issues, we propose and evaluate a new SF, named Enhanced-OTF (E-
OTF). By introducing mechanisms to react to congestion and quickly recover from it, the proposed
solution proves to be e�ective in improving the overall performance. The results obtained show
that, in comparison with MSF, E-OTF provides a higher reliability, especially at high tra�c rates
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o�set). Finally, to contrast multi-path fading and interferences, TSCH relies on channel hopping.
A pre-de�ned channel-hopping sequence is shared among all the nodes so that they can select a
di�erent operating frequency at each timeslot.

TSCH cells are allocated to nodes according to a communication schedule which speci�es when
a node can transmit/receive, and the frequency to be used. Cells may be either dedicated or shared.
Dedicated cells are assigned to one speci�c node for data transmission and are guaranteed to be
contention free. Instead, shared cells are allocated to all (or many) nodes and, hence, they are
accessed on a contention basis, regulated by a TSCH CSMA algorithm [1].
The TSCH protocol does not specify how cells are allocated to nodes for communication. This

is under the responsibility of the overlying 6TiSCH Operation sublayer (6top) that provides the
abstraction of IP link over TSCH and manages the allocation of cells to nodes in such a way to
meet the application requirements. At the higher layers, the 6LoWPAN adaptation protocol is used
to �t IPv6 datagrams into TSCH packets, while the RPL routing protocol ensures multi-hop packet
delivery.

2.1 6TiSCH Resource Management
The 6TiSCH architecture includes four di�erent paradigms for building and maintaining the TSCH
schedule, namely static, centralized, distributed (or neighbor-to-neighbor), and hop-by-hop scheduling
[30]. In static scheduling the schedule is static and either pre-con�gured or learned by a node at
joining time. Typically, it is used during the network bootstrap or whenever a proper schedule
is not available. Centralized scheduling relies on a central entity, the Path Computation Element
(PCE), responsible for: (i) collecting topology information and tra�c requirements; (ii) computing
the schedule; and (iii) disseminating it to all the nodes. In distributed scheduling, nodes agree on a
common schedule using a neighbor-to-neighbor approach. They rely on a Scheduling Function
(SF) to estimate the required number of cells, and use the 6P protocol to negotiate their allocation
and deallocation with neighbors. Finally, hop-by-hop scheduling consists in reserving cells along a
path for a particular tra�c �ow. In the following, we will refer to distributed scheduling based on
neighbor-to-neighbor negotiation trough the 6P protocol.

2.2 6P Protocol
The 6P protocol de�nes the operations and messages to implement a 6P transaction, i.e., a complete
negotiation between two neighboring nodes. Two di�erent con�gurations are de�ned, namely,
2-step transaction, based on a Request and a Responsemessage, and 3-step transaction, which includes
an additional Con�rmation message. Usually, the 2-step transaction is used (e.g. in [3, 25, 27]), as
it ensures a lower overhead in terms of exchanged control messages. The Request message can
be of di�erent types, namely, ADD (to request a new allocation), DELETE (to remove an existing
allocation), and CLEAR (to reset completely the current allocation). The Response message can be
either a SUCCESS or an ERROR message, to notify a successful or failed transaction, respectively.
Fig. 2 illustrates the message exchange in a 2-step transaction. The left-hand side shows a

successful transaction. A node requires the allocation of a speci�c cell, by sending an ADD message;
its neighbor accepts the request and replies with a SUCCESS message. When a message gets lost or
corrupted (right-hand side), a retransmission of the ADD message is performed after a timeout (6P
Timeout). To keep track of the modi�cations to the schedule, 6P messages include a generation
number, which is incremented every time the schedule changes. When a mismatch in the generation
counter is detected (e.g., because a Response message got lost), the node replies with an ERROR
message that forces the node that issued the 6P transaction to send a CLEAR message and reset the
schedule. Then, the node has to start over the allocation process. The standard allows each node to
execute only one 6P transaction at a time.
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sending control messages. The latter include di�erent information, depending on the speci�c policy
used by each node to implement the local allocation process. Although these solutions leverage
a distributed approach, a signi�cant exchange of control messages is required for coordination.
Hence, like centralized solutions, these algorithms are e�ective only when the network topology is
(almost) static and tra�c conditions are quite stable.

The Minimal Scheduling Function (MSF) [4] is currently under consideration by the 6TiSCH WG
for standardization as the reference distributed SF, while previously theOn-The-Fly (OTF) Bandwidth
Reservation algorithm [27] [9] was considered. OTF takes a completely distributed approach where
each node dynamically estimates the number of required cells, based on tra�c conditions, and
triggers 6P transactions for their allocation or deallocation. On the other side, MSF allocates two
di�erent kinds of cells, namely, autonomous and negotiated cells. Autonomous cells are intended to
provide a basic amount of bandwidth for control messages and are allocated by nodes themselves
using a hash function on node addresses (i.e., without any neighbor-to-neighbor negotiation).
Instead, negotiated cells are allocated and deallocated dynamically, based on the level of utilization,
through the 6P protocol.

The solutions proposed in [5, 24, 25] take a fully distributed approach, like OTF. However, they
are designed with some speci�c goal in mind, e.g., low end-to-end latency [5], scalability [24],
no overlapping allocations [25]. On the same note, the PID algorithm [8] aims at minimizing the
amount of packets in the queue. The latter, however, takes an approach to queue management
signi�cantly di�erent from that used in OTF and other distributed SFs (e.g., [5], [25] and [4]).
Speci�cally, PID leverages the Proportional, Integral and Derivative (PID) control paradigm to
derive the number of cells to allocate.

All the previous distributed SFs rely on the 6P protocol for cell negotiation. Instead, autonomous
scheduling [10, 13, 17, 18, 22] exploits topology and local information to build the schedule au-
tonomously, i.e., without any negotiation among nodes. To allocate cells, nodes use a hash function
applied to the address of the same node and its neighbors. A survey of autonomous scheduling
methods is available in [13]. Speci�cally, Orchestra [10] provides two types of scheduling, namely
receiver-based and sender-based. In receiver-based scheduling, each node has only one �xed cell to
receive (unicast) packets from any other node, while in sender-based scheduling each node has only
one cell to send (unicast) packets to any other node. ALICE [22] extends this approach by replacing
the node-based scheme used in Orchestra with a link-based scheme which allocates a unique cell
for each unidirectional link. In addition, to minimize the impact of possible con�icts due to the
hash function, the schedule is re-computed at each slotframe. To overcome the lack of �exibility in
previous solutions, TESLA [18] allows to handle unpredictable changes in tra�c and/or topology by
extending the Orchestra receiver-based approach. Each node monitors its tra�c load and changes
the slotframe size according to its level of congestion. TESLA guarantees an autonomous adaptation
to dynamic conditions at the cost of propagating the new slotframe sizes to neighbors. Similarly,
in OST [17], nodes dynamically adapt the frequency of cells to time-varying tra�c conditions.
Moreover, they feature on-demand cell allocation to manage bursty/queued packets.
To complete our survey on 6TiSCH scheduling approaches, we need to mention hop-by-hop

scheduling that consists in cell reservation at intermediate nodes along the path from a source to a
destination performed by using an end-to-end signaling. The protocol for cell reservation is not yet
de�ned, however, it is expected to be similar to reservation protocols currently used in the today
Internet. For instance, in [23] the authors propose a subset of the RSVP-TE protocol.

Finally, hybrid solutions that combine di�erent previous scheduling approaches also exist [12, 21].
In [21], the authors investigate the coexistence of applications with very di�erent requirements (e.g.,
real-time and no-real time tra�cs) and propose a hybrid approach where dedicated and shared cells
are used in the same schedule. On the same note, Elsts et al. [12] propose a hybrid approach to cope
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with unpredictability of tra�c. The proposed scheme relies on static scheduling to provide a basic
amount of dedicated cells to nodes. In addition, over-allocation is used to cope with excess tra�c
due to variable data rate, node mobility, wireless link dynamics or route changes. Over-allocation
leverages shared TSCH cells.
In this paper, we address the distributed mode of 6TiSCH and, hence, we mainly focus on

distributed scheduling based on neighbor-to-neighbor negotiation. However, in our performance
evaluation we also consider MSF [4] (the SF under consideration for standardization by the 6TiSCH
WG), which includes both an autonomous component, inspired by the proposals in [10, 22], and a
distributed component based on neighbor-to-neighbor negotiation. To the best of our knowledge,
this is the �rst work in which MSF is extensively analyzed through both simulations and real
experiments.

Most of the distributed scheduling solutions mentioned above have been evaluated in a number
of studies [2, 3, 5, 8, 16, 25, 27]. However, for the analysis in [24, 27] the authors assume that 6P
transactions are instantaneous and always successful, while in other studies large node bu�ers are
considered [29]. In this paper, we consider a realistic wireless channel model and a limited bu�er
size similar to the one available on real IoT devices. In addition, we show analytically that, in a real
environment, the duration of a 6P transaction may take up to several seconds to complete, and even
fail. This has a signi�cant impact on the performance of the SF, as con�rmed by our experiments.

While many studies have analyzed the performance of the SF considered in isolation [5, 8, 25, 27],
only few works have investigated the interplay of the SF with other IoT protocols. In [15, 33] the
authors analyze the interplay between RPL and the 6TiSCH minimal scheduling [34], i.e., the static
schedule used at bootstrap. However, the study only addresses the bootstrap phase and aims at
investigating the impact of the minimal scheduling on the performance of RPL. In [28] the interplay
between RPL and 6P protocol is investigated, however no speci�c SF is considered. In [22] the
authors analyze the relationship between RPL and TSCH and exploit this relationship to de�ne
the autonomous schedule through ALICE. Unlike [22], in this paper we investigate the interplay
between RPL and TSCH when a dynamically changing number of cells are negotiated through 6P.
Such dynamics are not considered in [22], as ALICE adopts an autonomous scheduling that does
not require negotiation. Speci�cally, we consider the e�ects of both 6P and RPL on the performance
of the SF. To the best of our knowledge, this is the �rst work analyzing the distributed resource
management mode of 6TiSCH in all its components.

This paper extends a previous conference paper by the same authors [29], where a preliminary
analysis of OTF was carried out and E-OTF was originally proposed. In this paper, we consider
MSF and PID, in addition to OTF. The analysis is no more limited to the SF, but considers all the
components of 6TiSCH distributed scheduling (i.e., it includes an analytical model to analyze the
performance of the 6P protocol). Finally, simulation results are validated by a set of experimental
measurements in a real testbed.

4 ANALYSIS OF THE 6P PROTOCOL
Before analyzing the complete system by means of simulation and real experiments, we focus on
the 6P protocol. The objective of this study is to highlight that the assumption of instantaneous and
always successful 6P transactions [24, 27] is not realistic and can lead to biased results. To this end,
we �rst derive an analytical model of the 6P protocol (Section 4.1) and, then, we present the results
provided by the same model (Section 4.2). It is important to highlight that our goal is not to derive
a precise analytical model of the 6P protocol. Instead, we aim at providing a model that could o�er
a good estimation of the average time required to complete a 6P transaction and the likelihood of
its failure to demonstrate that, contrary to what assumed in many previous studies, 6P transactions
may take a signi�cant time to complete and even fail. Although in the design of the model we
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sake of simplicity, we assumed that NB is also equal to the maximum number of retransmissions
that can be issued before canceling the transmission.

Figure 3 shows the graphical representation of the Discrete Markov Chain. Two absorbing states,
S and F , represent the termination of the 6P transaction in a successful or unsuccessful manner,
respectively. The other states {(A, i) | 0  i  NB} and {(B, i) | 0  i  NB}, model the channel
access operations performed on each shared cell for the transmission of a Request message and a
Responsemessage, respectively. Speci�cally, state (A, 0)models the �rst transmission of a 6P Request
message, while states {(A, i) | 1  i  NB} represent, each one, the i�th retransmission of the same
message. In particular, state (A,NB) represents the last retransmission, after which the Request
message is dropped and, consequently, the 6P transaction is aborted. In a dual manner, state (B, 0)
models the �rst transmission of a 6P Response message, while states {(B, i) | 1  i  NB} represent,
each one, the i � th retransmission of the Response message, including the last retransmission
modeled by (B,NB).
The transaction starts from state (A, 0), corresponding to the �rst transmission of the Request

message. Considering that the message is transmitted at the �rst available cell, the transaction
leaves state (A, 0) after the �rst transmission. Assuming that a message is successfully received
with a �xed probability PR , the transaction moves to state (B, 0) with probability PR , while it moves
to (A, 1) with probability (1 � PR ), which represents the probability that the Request message is
not successfully received. According to the TSCH CSMA/CA procedure, the retransmissions are
performed following a backo� algorithm, in which a random time interval, depending on the
number of previous unsuccessful retransmissions, is waited. In order to model the random waiting
time before transmission on each backo� state, each {(A, i) | 1  i  NB} state is left with a certain
probability PT (i), while, the transaction remains in the same state with a probability 1�PT (i). PT (i)
is the transmission probability on a cell, when the backo� procedure is on the i � th state, i.e. i
previous unsuccessful transmissions have occurred. According to the TSCH CSMA/CA backo�
procedure, on the i � th state a cell is randomly selected for transmission in the interval [0, E]. E
is the current backo� length set as E = 2minBackof f +i�1 � 1, whereminBackof f is the minimum
backo� exponent and i is the current backo� exponent. Although during the execution of the
backo� procedure, the probability of transmitting a message on a cell changes over time, for the
sake of simplicity we set 1 � PT (i) equal to the average transmission probability, which can be
expressed as E

2
1 Consequently, the transmission probability PT (i) can be expressed as follows:

PT (i) =
2
E
=

2
2minBackof f +i�1 � 1

(1)

Any {(A, i) | 1  i  NB} state, instead, is left with PT (i) probability.
From any state {(A, i) | 1  i  NB � 1} the transaction moves to state (A, i + 1) if the

message is not correctly received. This transition occurs with probability PT (i)(1 � PR ), which
represents the probability that the Request message is not correctly received, conditioned on the
event of its transmission. Similarly, from state (A,NB) the transaction moves to the absorbing state
F with the same probability. Since the maximum number of retransmissions has been reached,
the 6P transaction is marked as failed. In case the message is successfully received, from any
{(A, i) | 1  i  NB} state, the transaction moves to state (B, 0). This transition occurs with
probability PT (i)PR , which is the probability that the Request message is successfully received,
conditioned on the event of its transmission.

1An accurate model of single backo� operations would have required a larger number of states in the Markov Chain,
following the approach in [7]. The inaccuracy introduced by this simplifying assumption in the model is assessed afterwards
by means of simulations.
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P =

26666666666666666666666666666666666666666666666666666666666666666664

0 (1 � PR) 0 0 · · · 0 PR 0 0 0 · · · 0 0
0 1 � PT (1) PT (1)(1 � PR) 0 · · · 0 PT (1)PR 0 0 0 · · · 0 0
... ... ... ... ... ... ... ... ... ... ... ... ...

0 0 1 � PT (i) PT (i)(1 � PR) · · · 0 PT (i)PR 0 · · · · · · · · · 0 0
... ... ... ... ... ... ... ... ... ... ... ... ...

0 0 0 0 0 1 � PT (NB) PT (NB)PR 0 · · · · · · · · · 0 PT (NB)(1 � PR)
0 0 0 0 · · · 0 0 (1 � PR) · · · · · · · · · PR 0
0 0 · · · · · · · · · 0 0 1 � PT (1) PT (1)(1 � PR) · · · · · · PT (1)PR 0
... ... ... ... ... ... ... ... ... ... ... ... ...

0 0 · · · · · · · · · 0 0 · · · 1 � PT (i) PT (i)(1 � PR) · · · PT (i)PR 0
... ... ... ... ... ... ... ... ... ... ... ... ...

0 0 · · · · · · · · · 0 0 0 0 0 1 � PT (NB) PT (NB)PR PT (NB)(1 � PR)
0 0 0 0 · · · 0 0 0 0 0 · · · 1 0
0 0 0 0 · · · 0 0 0 0 0 · · · 0 1

37777777777777777777777777777777777777777777777777777777777777777775

Fig. 4. Transition Probability Matrix.
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Fig. 6. Average completion time of 6P transactions.

The procedures performed for the transmission of the 6P Response are modeled through states
{(B, i) | 0  i  NB}. Their structure and transition probabilities are the same de�ned for modeling
the transmission of the Request message, i.e. states {(A, i) | 0  i  NB}. Speci�cally, from (B, 0)
the transaction moves with probability PR to the absorbing state S , while it moves to state (B, 1)
with probability (1 � PR ). In states {(B, i) | 1  i  NB} the transaction moves, with probability
PT (i)PR , to the absorbing state S , while from any {(B, i) | 1  i  NB � 1} state the transaction
moves with probability PT (i)(1 � PR ) to (B, i + 1). Finally from state (B,NB) it moves to F , as the
maximum number of retransmissions for the Response message is reached.

Figure 4 shows the Transition Probability Matrix associated to the Markov chain described so far.
Exploiting the basic properties of the absorbing Markov chains, we evaluated the expected number
of steps t before being absorbed in one of the two absorbing states and the absorbing probabilities
�F and �S , on state F and S , respectively, starting from the initial state (A, 0). In particular, t allows
to calculate the average time to completion of a 6P transaction, while �F and �S allow to derive the
expected failure and success probabilities, respectively.

4.2 Results
Considering the complexity of evaluating the Transaction Probability Matrix, shown in Figure 4,
we solved the model numerically. In our evaluation, we considered an increasing range of PR from
0.1 to 0.9 to consider di�erent channel conditions. In addition, we set the following parameters:
minBackof f = 1 andmaxBackof f = 7. For the distance between two subsequent 6P cells d , we
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consider two di�erent values, d = 0.375s and d = 0.75s , corresponding to a number of 6P cells
equal to 4 and 2, respectively, considering a slotframe length of 101 cells. In order to validate the
results obtained with the analytical model, a simple ad-hoc event simulator that simulates a node
issuing a 6P transaction was written in Python. For each scenario 2000 independent replications
were run. In Fig. 5 we show the average failure probability for each 6P transaction, while, in Fig. 6
we show the average time for the completion of a 6P transaction. The average 6P transaction failure
and completion time obtained from simulations is reported along with the 95% con�dence intervals.
As can be seen, analytical and simulation results are almost overlapped.

The analytical (and simulation) results show that, when a lossy channel is considered (e.g.,
PR = 0.2 or less), the failure probability can be very signi�cant (i.e., larger than 40%). As can
be seen the overall 6P completion time is in the order of seconds. Speci�cally it can range from
a few seconds up to 20 seconds (with d = 0.375s) and 40 seconds (with d = 0.75s) when bad
channel conditions occur. These results highlight that the assumption of instantaneous and always
successful 6P transactions is unrealistic and can lead to inaccurate analysis. It is worth to mention
that such results are obtained considering a best case scenario in which collisions from concurrent
transmissions are not considered. In a real environment, concurrent transmissions can only increase
the overall delay and the probability of failure, as shown in [28]. These results and the experience
from [28], allowed us to draw a set of guidelines to set system parameters, such as the 6P timeout
and the number of 6P cells in the slotframe. The values obtained, are adopted in the performance
evaluation presented in the reminder of the paper.

5 SCHEDULING FUNCTIONS
In this Sectionwe brie�y describe the three SFs that will be considered in our performance evaluation
in Section 6, namely, MSF, OTF and PID. For a complete description of the same SFs, the reader can
refer to [4] [27] and [8], respectively.

5.1 Minimal Scheduling Function
MSF follows two di�erent behaviors for two di�erent phases in the network lifetime, i.e., the
joining phase and the regular operation phase. During the joining phase, MSF implements the
Minimal 6TiSCH Con�guration [34]. Thus, when a node joins the TSCH network, its schedule has
already a minimal cell installed. This is a shared cell for both TSCH and RPL broadcast control
messages. In addition to the minimal cell, the node schedules two autonomous cells, which are
allocated autonomously (i.e., without neighbor-to-neighbor negotiation) using a hash function to
compute their timeslot and channel o�set. There are two autonomous cells at each node, namely,
an Autonomous Rx Cell and an Autonomous Tx Cell. The Autonomous Rx Cell is used by the node
for receiving control messages and is allocated at joining time, while the Autonomous Tx Cell is
allocated only after the node has selected its parent node (i.e., the neighbor selected by RPL for
forwarding data towards the �nal destination) and it is a cell shared with all the other children of the
same parent node. The Autonomous Rx Cell remains scheduled all the time, while the Autonomous
Tx Cell changes if the parent node changes and is not permanently scheduled but added when
there is a control message to send (and deleted just after).
The regular operation phase starts when the minimal and autonomous cells are scheduled and

allows MSF to dynamically adapt to tra�c requirements by allocating and deallocating negotiated
cells through the 6P protocol. Initially, each node negotiates a single cell with its parent node. Then,
it periodically checks the utilization of the negotiated cell(s) and increases/decreases their number
in such a way to keep the utilization within two pre-de�ned thresholds. As shown in Algorithm 1,
if the number of used cells is higher than the upper threshold, one additional cell is negotiated
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ALGORITHM 1: MSF Algorithm (NumCellsElapsed,NumCellsUsed)
Input:

NumCellsElapsed = Number of elapsed negotiated cells
MAX_NUMCELLS =Max number of elapsed negotiated cells
NumCellsUsed = Number of negotiated cells used for transmission
LIM_NUMCELLSUSED_HIGH = Threshold to add a new negotiated cell
LIM_NUMCELLSUSED_LOW = Threshold to delete an unnecessary negotiated cell

Output:
ADD/DEL one negotiated cell

1 if NumCellsElapsed > MAX_NUMCELLS then
if NumCellsUsed > LIM_NUMCELLSUSED_HIGH then

trigger 6P to ADD one negotiated cell
2 else if NumCellsUsed < LIM_NUMCELLSUSED_LOW then

trigger 6P to DEL one negotiated cell

Fig. 7. Main components of the OTF Scheduling Function.

with the parent node. Similarly, when the cell utilization falls below the lower threshold, one cell is
deallocated.

5.2 OTF Scheduling Function
As shown in Fig. 7, OTF [27] has a modular design and includes two main components, namely,
a Bandwidth Estimation Algorithm and an Allocation Algorithm. The former is responsible for
estimating the bandwidth required to transfer data to the parent node. To this end, it continuously
monitor the data tra�c towards the parent node. Then, the estimated bandwidth is passed, as an
input, to the Allocation Algorithm that (i) computes the number of required cells, and (ii) starts a 6P
transaction for negotiating their allocation with the parent node. In order to reduce the �uctuations
of the bandwidth estimation, that would result in frequent addition/deletion of cells, the Allocation
Algorithm leverages a hysteresis mechanism that usually results in over-provisioning.

The Allocation Algorithm, is described in Algorithm 2. The computation of the required number
of cells is based on the following information. Sc : number of currently scheduled cells; Rc : estimated
number of cells, provided by the Bandwidth Estimation Algorithm; T : hysteresis quantum. By
comparing Rc with Sc , the Allocation Algorithm computes the number of cells to be added or
deleted, also considering the hysteresis quantumT . As soon as Rc increases with respect to Sc , new
cells are added (line 1). Instead, when Rc decreases, cells are deleted. The latter operation, however,
is performed only if the di�erence between Sc and Rc is larger than the hysteresis quantumT (lines
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ALGORITHM 2: OTF Allocation Algorithm (Sc ,Rc ,T )
Input:

Sc = Number of scheduled cells
Rc = Number of required cells
T = Hysteresis Quantum

Output:
�S = Number of cells to add/delete

1 if Rc > Sc then �S = Rc � Sc + dT /2e ) ADD CELLS
2 else if Rc < Sc �T then �S = Sc � Rc � bT /2c ) DELETE CELLS
3 else �S = 0 ) DO NOTHING

2-3) to adopt a conservative policy. Whenever a new allocation is computed, a 6P negotiation is
triggered.

5.3 PID-Based Scheduling Function
PID [8] estimates the number of cells to allocate by exploiting the well-known Proportional,
Integral, and Derivative (PID) paradigm used in industrial control applications. Like OTF, PID
is composed of two main modules, namely the Timeslot Estimation Algorithm, responsible for
estimating the required number of cells, and the Allocation Algorithm that implements the control-
loop feedback mechanism to actually allocate cells. The estimation performed by the Timeslot
Estimation Algorithm is based on the queue occupancy and the current number of scheduled cells.
At each execution, the algorithm computes the required number of cells, according to a parameter
Pt j , which is the target amount of packets waiting in the transmission queue for the parent node j.
Speci�cally, the number of cells to be added or released, Cs j , is computed as follows:

Cs j = Kp ⇤ et j + Ki

n�1’
0
etnj ⇤ �SF + Kd ⇤

et j � et�1j
�SF

(2)

where et j is the error evaluated after each allocation, and it is de�ned as follows:

et j = Pc j �Cc j � Pt j . (3)

In Equation 3, Pc j is the number of packets currently in the queue, while Cc j is the current number
of scheduled cells.

Equation 2 can be decomposed in three terms, namely the proportional, integral and derivative
terms. The integral term

Õn�1
0 etnj is the integral of the errors of the last n slotframes, while �SF

represents the duration of the slotframe. The derivative term et j�et�1j
�SF predicts future values of the

error by considering the last two ones. The proportional term Kp ⇤ et j reacts proportionally to the
actual error to avoid unnecessary exchange of 6P messages. Finally, the three parameters Kp , Ki
and Kd , all ranging in [0,1], are used to weight each term of the equation. Speci�cally, Kp weights
the actual error and should be close to 1, Ki weights the integral term and, in order to stabilize the
controller, should be signi�cantly smaller than Kp , while Kd weights the future behavior of the
systems and contrasts its inertia.

6 PERFORMANCE EVALUATION OF THE SCHEDULING FUNCTIONS
In this section, we present the results of the performance evaluation of the three SFs described
in Section 5. First, we introduce our simulation methodology and, then, we discuss the obtained
results.
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Fig. 10. End-to-end reliability. Chain topology.
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Fig. 11. 95th Percentile of the end-to-end latency.
Chain topology.

However, to better understand the behavior of the considered SFs, in some cases we also considered
additional metrics, such as number of 6P transactions issued, number of scheduled cells, and queue
size at nodes.

6.2 Simulation Results
6.2.1 Chain topology. We �rst discuss the results obtained in the chain topology. Fig. 10 shows the
end-to-end reliability provided by MSF (in both the considered con�gurations), OTF and PID, for
di�erent tra�c rates. For OTF, di�erent values of T are also considered. Dashed lines refer to MSF,
solid lines correspond to OTF, and the dotted line is for PID. PID exhibits a very low reliability, i.e.,
in the range between 22% and 79%, signi�cantly lower than that provided by MSF (83%-96%) and
OTF (63%-97%). The behavior of OTF does not depend signi�cantly on the value of T , unless for
the highest considered tra�c rates (1-2 packets/slotframe), where more over-provisioned cells help
in increasing the end-to-end reliability. MSF achieves better end-to-end reliability, compared with
PID and OTF, especially at high tra�c rates (i.e., 1-2 packets/slotframe).

The 95th percentile of the end-to-end latency is shown in Fig. 11. PID always exhibits the highest
latency, while the performance of OTF strongly depends on the value of the hysteresis quantum.
Speci�cally, when a low T value is considered (e.g., T = 2), OTF results in a high latency, while
the latter decreases signi�cantly when larger T values are used. This can be easily understood if
we consider that a larger T value implies a larger number of over-provisioned cells and, hence, a
lower waiting delay experienced by packets. Both MSF con�gurations result in similar end-to-end
latency, with values in between the results obtained with OTF when T = 2 and T = 4, respectively.
In MSF the degree of over-provisioning can be controlled by setting a proper value to the

thresholds. In our experiments, we also analyzed the impact of the upper and lower threshold
on the performance of the SF. Speci�cally, we performed a set experiments where we �xed the
value of the lower threshold (25%) and varied the upper threshold (60%, 75%, 90%). Similarly, in a
second set of experiments, we varied the lower threshold (15%, 25%, 35%), while keeping the higher
threshold constant (75%). In both set of experiments, we did not observe signi�cant variations in
the end-to-end reliability and latency. The results are not shown in Fig. 10 and 11 (as well as in
subsequent sections) to make the plots more readable.

To get an insight on the behavior of the SFs and understand the reasons for the low performance
of PID, we focus on a single experiment. In Fig. 12, we show, for all the considered SFs, the total
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Fig. 12. Overall number of 6P transactions.

number of 6P transactions issued during the experiment by all the nodes in the network and
the fraction of them resulting in a failure (the tra�c rate is 2 packets/slotframe). OTF and PID
generate the lowest and highest number of 6P transactions, respectively, while MSF is in between.
In particular, MSF issues much more transactions in the standard con�guration (i.e., with only 2
cells available for 6P transactions). This is because, using a lower number of cells for transmitting
6P transactions results in a higher collision probability and, hence, increased time to complete and
higher failure rate.
To explain the di�erence in the number of 6P transactions issued by each SF, we compare

the number of 6P transactions issued over time with the number of scheduled cells, shown in
Fig. 13a and Fig. 13b respectively. For the sake of readability, we show the values for only three
representative nodes (namely, nodes 2, 4 and 7), i.e., a node close to the sink, a node in the middle of
the chain, and a node in the end of the chain. The values obtained with the “MSF std” are omitted
for the sake of brevity. Fig. 13a (top) shows that with MSF, node 2 and 4 issue a certain number of 6P
transactions that starts to increase linearly when the tra�c of all the others nodes starts to circulate

(a) 6P Transactions MSF(top), OTF(mid), PID(bo�om). (b) Scheduled cells MSF(top), OTF(mid), PID(bo�om).

Fig. 13. 6P Protocol dynamics. Tra�ic rate: 2 packets/slotframe, for OTF T=2.
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in the network. The value increases until it reaches the proper trade-o� between the number of
scheduled cells and their utilization (i.e., up to 17 for node 2 and up to 7 for node 4), as shown in
Fig. 13b (top). Node 7 issues only 4 6P transactions in order to ful�ll its tra�c requirements. Fig. 13a
(mid) presents the behavior of OTF when T = 2. Initially, node 2 and 4 issue one 6P transaction
each, and allocate two cells each, as shown in Fig. 13b (mid). Then, all the other nodes start sending
their data and, hence, node 2 and node 4 need to issue another 6P transaction each, to schedule
two extra cells. These cells allow to forward the data generated by nodes far away from the sink.
Node 7 issues two 6P transactions to schedule two cells for the transmission of its local tra�c. As a
global result, the overall number of 6P transactions issued by OTF is low and, consequently, they
all succeed (as shown in Fig. 12). It may be worthwhile reminding that both MSF and OTF take
a conservative approach and deletes cells only when they are not used for several consecutive
slotframes (which is not the case in these simulation runs). By comparing Fig. 13b (top) and (mid)
it emerges that OTF allocates a lower number of cells, with respect to MSF. This explains the lower
end-to-end reliability provided by OTF, especially at high tra�c rates (Fig. 10). PID exhibits a
completely di�erent behavior with respect to MSF and OTF, as shown in Fig. 13a (bottom). Nodes 2
and 4 issue a very high number of 6P transactions over time, changing the schedule very often.
This is because PID computes the number of required cells with the goal of having no packets in
the queue. Consequently, at each execution, it acquires the number of cells required to transmit
all the packets in the queue, or it releases the unnecessary cells if the queue is (almost) empty.
Therefore, the schedule is strictly dependent on the number of packets in the queue, which changes
frequently. This appears very clearly in Fig. 13b (bottom). A high number of cells is required by
node 2 and node 4, thus resulting in high peaks in the number of scheduled cells. Such peaks, are
less pronounced for node 4 after the initial phase but remain constant for node 2, as it receives
tra�c from many descendant nodes. Overall, such a large number of 6P transactions increases the
probability of failure, due to collisions, as con�rmed in Fig. 12. We remember here that 6P messages
are sent in shared cells.

The performance evaluation of PID, OTF and MSF in this simple scenario highlights that PID, in
its current de�nition [8], is not suitable for a real deployment. It exhibits an unstable behavior due
to the absence of a hysteresis mechanism to reduce the number of changes over time. This causes a
large number of 6P transactions that can fail, due to collisions or bu�er over�ow, thus leading to
delayed allocation of cells or inconsistencies in the schedule.

6.2.2 Grid topology. To evaluate the performance of MSF, OTF and PID, in a more complex scenario
we also considered a 5x5 grid topology. Fig. 14 shows the end-to-end reliability provided by the
three SFs in this scenario, for di�erent tra�c rates. The PID algorithm exhibits a very low reliability
(in the order of 20%), while the performance of OTF is similar to the one observed in the previous
scenario (the reliability values are between 58% and 99%). As far as MSF, we observe a greater gap
between the two considered con�gurations in this more complex scenario as in a network of 25
nodes the negative impact of using less 6P cells is more apparent. In “MSF std” [4] nodes have
only two cells dedicated to 6P transactions, one to issue a transaction to the parent node and one
to reply to transactions from child nodes. Hence, a lot of 6P transactions can fail, or be delayed
signi�cantly. This does not allow schedule modi�cations to be executed rapidly, thus explaining
the low performance of “MSF std”. Instead, MSF with 4 cells for 6P transactions, achieves similar,
or even better performance, in terms of end-to-end reliability, with respect to OTF with T = 8.

Looking at latency, Fig. 15 con�rms that PID exhibits very low performance in this scenario, as
the 95th percentile of the end-to-end latency ranges between 15 and 22 seconds. With OTF, the
end-to-end latency strongly depends on the hysteresis quantum, as the number of over-provisioned
cells increases withT . As expected, latency increases with the tra�c rate. When using MSF, latency
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Fig. 14. End-to-end reliability. Grid topology.
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Grid topology.

is high at high tra�c rates (i.e., 1-2 packets/slotframe), while it quickly decreases as the tra�c rate
goes down. At the lowest tra�c rates (i.e., 1 packet every 8 or 10 slotframe) a slight increase in the
latency can be observed, as it occurred in the chain topology.
The results above highlight that the di�erence in performance, between MSF, OTF and PID,

is even larger in this grid scenario, due to the larger number of nodes generating packets. This
con�rms that PID is not suitable for networks with tra�c �uctuations caused by multiple tra�c
sources. Even though OTF and MSF exhibit better performance than PID, when the tra�c rate is
high (i.e., 1-2 packets/slotframe) their reliability is below 70% and the 95th percentile of latency is
between 15 and 20 seconds. These results may not be suitable for some (industrial) applications.
In OTF, the only parameter that can be exploited to increase the performance is the hysteresis

quantum T . In principle, by increasing the number of over-provisioned cells it is possible to reduce
latency and increase reliability, at the cost of additional bandwidth consumption. However, the
above results show that, even with largeT values, OTF may not be able to provide a high reliability
and a low end-to-end latency, as desired. Similarly, for MSF we observed that using di�erent values
of the two thresholds does not result in a signi�cant improvement (the results are not shown for
brevity).
In order to investigate the reasons for this behavior, we measured the queue size at each node

over time (i.e., the current number of packets enqueued for transmission on a node). Fig. 16 shows
the queue size at node 7, both with MSF and OTF, in a speci�c experiment (for brevity, a single
tra�c rate is considered, however the behavior is similar for other tra�c rates). We focus on
node 7 because it is very close to the sink and, in addition, it is responsible for relaying tra�c
from several other descendant nodes. We can observe in Fig. 16 the two di�erent behavior for
MSF, (dotted line) and OTF (solid line). With OTF, node 7 starts to enqueue packets just after
the tra�c begins to circulate in the network and this is because the node has to negotiate the
initial set of cells with its parent. As this negotiation terminates successfully, the node can start
transmitting its packets and, consequently, the queue level decreases. After few minutes, however,
the queue starts increasing again. We found that that this is due to a change in the parent node
selected by RPL, which has found a potentially more convenient neighbor for data forwarding. The
selection of a new parent node causes the deallocation of all the cells and a new negotiation with
the new parent. During this period, the node has to bu�er all its data packets. However, after the
cells allocation towards the new parent has been completed, the queue level does not decrease, as
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expected. Instead, it saturates the bu�er. This happens because the link to new parent node is very
lossy and, consequently, the successful transfer of packets requires multiple retransmissions. OTF
does not consider, in its Bandwidth Estimation Algorithm, the number of expected retransmissions
required for communicating with the parent node. Consequently, since additional retransmissions
are required, the time for successful transmission of a packet increases, causing the number of
packets in the queue to grow up. The behavior of MSF, instead, is di�erent. Initially, as above, node
7 is able to forward its data, which results in a very low queue size. At a certain point, also in
this case, a change in the parent node occurs, causing the queue occupancy to grow up until the
maximum queue size is reached, as occurred with OTF. After some minutes, however, the node
recovers from congestion. This so long time is due to the fact that MSF allocates just one more
cell at a time by monitoring the slot utilization, which in this case is 100%. At around minutes 21
and 28, a neighbor selects node 7 as parent node. This increases the amount of tra�c that node 7
has to handle, thus causing the number of the enqueued packets to increase again, waiting for the
completion of 6P transactions to have the necessary amount of scheduled cells. After minute 33,
node 7 has acquired the proper amount of cells to deliver its packets, consequently the amount
of enqueued packet reduces and afterwards remains stable to 4, on average. By comparing the
behavior of MSF and OTF, we can highlight that OTF is not capable of reacting to congestion at
all. Instead, MSF is capable of reacting, however, the time required to detect and recover from
congestion may be considerable, e.g., in the order of minutes, or tens of minutes.
As also highlighted in [28], the dynamism of the RPL protocol may result in frequent parent

changes. In addition, the link-quality assessment mechanism used by RPL, in its default con�g-
uration, can lead to select a parent node characterized by a poor link quality. Both these factors
can dramatically increase the queue size, resulting in large waiting delays, and possibly, packet
dropping.

A more detailed analysis of our simulation traces also highlighted other disruptive events, which
can force the node to change its schedule, deallocating all its cells at once. This leads to a signi�cant
increase of the queue, thus resulting in high waiting delays and packet dropping. Speci�cally, in addi-
tion to parent changes, we also observed failures of 6P transactions and TSCH de-synchronizations.
The failure of a 6P transaction occurs whenever a 6P message gets corrupted or lost. This generates
an inconsistency in the 6TiSCH schedule between the two neighbors. According to the 6P speci�-
cations, every time an inconsistency is discovered, the involved nodes must reset their schedule.
This results in the deallocation of all the cells and, then, in a new negotiation phase to re-allocate
the required number of cells. During this process, which may take even many seconds (as we
showed in Section 4), the node cannot send or receive any packet, forcing data to be bu�ered. A
TSCH de-synchronization, instead, occurs every time a node is not perfectly synchronized with its
current parent. TSCH requires a rigorous synchronization among nodes to ensure that the sender
and the receiver can correctly communicate on the same cell. If the de-synchronization of two
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communicating nodes increases over a safe level, due to the skew of their internal clocks, the node
is forced to disconnect from the TSCH network and start a new association process. Similarly to
the previous case, the node must release all its cells and negotiate a new allocation from scratch
after the new association.

7 ENHANCED-OTF
From the previous analysis it clearly emerges that both MSF and OTF exhibit a number of short-
comings. They are mainly related with RPL and 6P dynamics, which can signi�cantly a�ect their
performance. This is exacerbated by the fact that both the algorithms do not take into account
the amount of data waiting for transmission in the computation of the required number of cells.
This can lead to underestimate the number of cells to allocate during congestion. Speci�cally, MSF
considers only the current cell utilization to establish if a cell should be added or deleted, whereas
OTF makes an estimation of the bandwidth without considering the amount of enqueued packets.
In addition to this, both MSF and OTF do not take in consideration information related with the
quality of the link towards the parent node, e.g., the number of transmissions required to correctly
deliver a packet.

In order to overcome these shortcomings, we propose amodi�ed version of OTF, named Enhanced-
OTF (E-OTF). We decided to build on OTF, instead of MSF, for the following reasons: (i) OTF embeds
the T parameter that can be used to tune its behavior and, in particular, to select a proper level of
over-provisioning that can meet the application requirements; (ii) OTF allocates cells based on the
estimated bandwidth requirements, thus aiming, indirectly, at satisfying application requirements.
MSF, on the other hand, allocates cells based on the current utilization, thus focusing on ensuring an
e�cient usage of resources, rather than satisfying application requirements. From our perspective,
the OTF approach is more suited to ensure reliable and timed communication in critical applications
for industrial environments. Hence, we decided to adopt OTF as starting point for our proposal.
In E-OTF the Allocation Algorithm of OTF is modi�ed in such a way to: (i) explicitly consider

the link quality in the computation of the required number of cells and (ii) include a mechanism to
timely react when the queue size increases over a certain threshold. The resulting E-OTF algorithm
is illustrated in Algorithm. 3. The di�erences with the OTF are emphasized.

First, the Bandwidth Estimation Algorithm is modi�ed by introducing the Expected Transmission
Count (ETX) [6] in the computation of the required number of cells (R0

c ). Since ETX measures the
average number of transmissions required to successfully transmit a packet on a link, the ETX value
is used as a correction factor in the calculation of the required number of cells R0

c , i.e., R0
c = Rc ⇤ETX

(line 1). This modi�cation allows nodes with poor link quality towards their parent node to allocate
more cells.

Second, a bonus mechanism is introduced to allow nodes to rapidly recover from congestion. To
this aim, the computation of the number of cells is modi�ed as follow. When the queue level exceeds
a certain congestion threshold (�), the node enters a congestion state, where, at each execution
of the algorithm, an additional number of cells B is acquired. This congestion bonus is used to
over-provision the requesting node so as to allow it to transmit the bu�ered packets more rapidly.
This modi�cation to the original algorithm is required as the Bandwidth Estimation Algorithm
does not take into consideration the amount of bu�ered data. When the amount of packets in
the queue drops below the congestion threshold � , the node has to release the over-provisioned
cells. Applying the default OTF policy, however, would result in releasing all the cells at once.
In fact, R0

c , calculated according to the estimated bandwidth, would be signi�cantly lower than
the current Sc value that includes the bonus. In order to avoid this behavior, that might lead to
congestion again, the node is forced to release the acquired bonus in a gradual manner. To this
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ALGORITHM 3: Enhanced-OTF Allocation Algorithm (Sc ,Rc ,T , B,Q,U , ETX , �,� )
Input:

Sc = Number of scheduled cells
Rc = Number of required cells
T = Hysteresis Quantum
B = Congestion Bonus (CB)
Q = Average Queue Occupancy
U = Average Cell Utilization
ETX = Estimated Link Transmissions

Output:
�S = Number of cells to add/delete

1 R0
c = Rc ⇤ ETX

2 if Q > � then �S = B ) ADD CB
3 if R0

c > Sc then �S+ = R0
c � Sc + dT /2e ) ADD CELLS

4 else if R0
c < Sc �T then ) DELETE CELLS

5 if U > � then �S = B ) REMOVE CB
6 else �S = Sc � R0

c � bT /2c
7 else �S = 0 ) DO NOTHING

aim, the node periodically monitors the cell utilization (U ) 3. If the cell utilization is higher than
a prede�ned threshold (i.e., U > � ), only the congestion bonus is released (line 7-8). Otherwise,
when the utilization is very low (U 6 � ), the regular OTF policy is used, i.e., all the unnecessary
cells are released at once (lines 9-10).

8 PERFORMANCE EVALUATION OF E-OTF
In this section, we assess the e�ectiveness of the proposed E-OTF algorithm against MSF and
OTF (we omit to consider also PID and “MSF std” for the sake of brevity and, above all, due to
their low performance). To this end, we performed an additional set of experiments considering
the 5x5 grid scenario introduced in Section 6.1, and using the same parameter values reported in
Tab. 4. Since E-OTF has three additional parameters, with respect to OTF (i.e., � , � , and B), we ran
a set of preliminary experiments for tuning their values. Speci�cally, we selected parameter values
that provided the best performance, in terms of end-to-end reliability and latency. Following this
approach, we set the E-OTF parameters as follows: � = 20%, � = 20%, B = T (i.e., B is set equal to
the value of hysteresis quantum). We used these values in all the experiments described below. In
the following experiments, we considered the same performance metrics de�ned in Section 6.1. In
addition, two other metrics were also considered:

• Cell Utilization, de�ned as the ratio between the number of cells used by a node and the
number of cells allocated to it; it provides a measurement of the e�ciency of the allocation
policy.

• Duty Cycle, de�ned as the ratio between the number of cells in which the node is active and
the size of the slotframe; it o�ers an indirect measurement of the energy consumption of a
node.

Fig. 17 compares MSF, OTF and E-OTF, in terms of end-to-end reliability for di�erent tra�c
rates (for OTF and E-OTF we also consider di�erent T values). As expected, E-OTF signi�cantly
outperforms OTF. Speci�cally, E-OTF provides a reliability above 95% for all the considered tra�c

3de�ned as the ratio between the number of cells actually used and the overall number of allocated cells
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Fig. 17. End-to-end reliability in the grid topology.
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Fig. 18. Node 7 queue occupancy for MSF (do�ed line) and E-OTF (solid line) with T = 2.

rates, except for the highest considered one, for which the end-to-end reliability is 89%. In addition,
the di�erence in performance, with respect to OTF, increases as the tra�c rate grows up, showing
that E-OTF is able to handle high tra�c conditions better than OTF. This is due to the modi�cations
introduced in the estimate of the required number of cells, which allows to manage congestion in a
rapid way, thus avoiding situations where packets are dropped, due to bu�er over�ow. The results
in Fig. 17 con�rm that estimating the required number of cells only based on the current tra�c
conditions, and without considering the bu�ered packets, is not an e�ective approach in a real
environment. Moreover, E-OTF performs better than MSF as well, in all the considered scenarios,
especially at high tra�c rates (89% vs. 66% with 2 packets/slotframe). Again, this is due to the
mechanism used by E-OTF to manage congestions (see below).

Tab. 6 compares the 95th percentile of the end-to-end latency for di�erent tra�c rates. It emerges
that E-OTF reduces latency by approximately 70-80%, with respect to OTF, especially at high tra�c
rates. With respect to MSF, the reduction in latency is slightly lower, but still very considerable,
especially when considering E-OTF with T = 4 or T = 8. This reduction in latency is due to the
ability of E-OTF to quickly react to congestion. This allows to rapidly reduce the queue at the node
and, consequently, the waiting time experienced by packets. Although E-OTF achieves a dramatic
reduction in latency, nevertheless, values remain in the order of several seconds. This is due to
disruptive events that, of course, still occur, as they are caused by other protocols (i.e., RPL, 6P, and
TSCH). However, their negative e�ects are strongly mitigated when using E-OTF and, hence, the
reduction in end-to-end latency. Temporary increases in the queue level may still occur, however
they are typically of short duration. To con�rm this statement, we measured the overall number of
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Table 6. 95th Percentile end-to-end Latency(s).

T (Hysteresis Quantum) 2 4 8

packets/slotframe

2

MSF 16.6 ± 0.3
OTF 19.2± 0.1 12.8± 0.1 9± 0.02
E-OTF 2.9± 0.1 2.8± 0.1 1.9± 0.1
Latency Reduction - MSF 83% 83% 89%
Latency Reduction - OTF 85% 78% 79%

1

MSF 11.2 ± 0.4
OTF 20.1 ± 0.2 13.6 ± 0.3 8.4 ± 0.2
E-OTF 4.3 ± 0.1 3.2 ± 0.1 2.1 ± 0.1
Latency Reduction - MSF 62% 71% 81%
Latency Reduction - OTF 79% 77% 75%

1/2

MSF 6.1 ± 0.2
OTF 19.8 ± 0.8 13.4 ± 0.2 7.7 ± 0.3
E-OTF 3.6 ± 0.02 3.0 ± 0.03 2.5 ± 0.1
Latency Reduction - MSF 41% 51% 59%
Latency Reduction - OTF 82% 78% 68%

1/3

MSF 4.9 ± 0.1
OTF 18.0 ± 1.0 11.7 ± 0.5 6.6 ± 0.2
E-OTF 4.1 ± 0.02 3.7 ± 0.02 2.9 ± 0.1
Latency Reduction - MSF 16% 24% 41%
Latency Reduction - OTF 77% 68% 56%

1/4

MSF 4.84 ± 0.2
OTF 17.6 ± 0.4 11.4 ± 0.4 7.1 ± 0.2
E-OTF 4.8 ± 0.02 4.3 ± 0.04 3.3 ± 0.1
Latency Reduction - MSF 1% 11% 32%
Latency Reduction - OTF 73% 62% 54%

1/6

MSF 5.1 ± 0.3
OTF 15.5 ± 1.0 12.6 ± 0.8 5.8 ± 0.1
E-OTF 6.0 ± 0.1 5.3 ± 0.1 4.1 ± 0.1
Latency Reduction - MSF 0% 0% 20%
Latency Reduction - OTF 61% 58% 29%

disruptive events in the network. Fig. 19 and Fig. 20 show the results obtained for the three highest
tra�c rates (and with T = 2 for E-OTF and OTF; the results with di�erent values of T exhibit the
same trend and are, thus, omitted). The number of TSCH de-synchronizations is not shown, for
the sake of brevity, as these events occur rarely (i.e., 2-3 occurrences per hour, in our simulation
experiments). The simulation results in Fig. 19 show that the number of parent changes (due to RPL)
is approximately the same for MSF, E-OTF and OTF. Instead, from Fig. 20 it emerges that E-OTF
experiences a larger number of schedule mismatches. This is because E-OTF triggers more frequent
adjustments in the schedule and, hence, it originates a larger number of 6P transactions. This, in
turn, increases the probability of experiencing a schedule mismatch caused by a lost/corrupted 6P
message.

In order to provide an insight on the behavior of E-OTF and better understand the reasons of its
better performance with respect to MSF and OTF, we compare the queue occupancy, over time,
of OTF, MSF and E-OTF (see Fig. 16 and Fig. 18, respectively). We focus on node 7 and consider a
single run in which the tra�c rate is 2 packets/slotframe. For all the considered SFs, the queue size
�uctuates over time, however, its dynamics is quite di�erent in the two cases, as shown in Fig. 18.
With E-OTF, after minute 25 a change of parent node occurs, which causes an increase in the number
of packets in the queue. This congestion, however, is of very short duration and disappears after
approximately one minute. Speci�cally, as soon as the number of packets in the queue goes beyond
the congestion threshold, the node allocates the bonus that allows it to progressively reduce the
queue level and recover from congestion. Later on, around minute 30, two successfully disruptive
events occur, causing the queue to grow up again and, then, to decrease. From the analysis of our
simulation trace, we found that this last congestion is caused by a schedule mismatch that forces
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the node to reset its current schedule and start a new negotiation process. In the meanwhile, the
node has no allocated cells and, consequently, the queue grows up. With MSF, on the other hand,
we can notice that even though the queue at node 7 does not reach the maximum size, after an
initial parent change the queue occupancy grows up signi�cantly and remain very high for about
15 minutes. Although the congestion is then recovered, such a high number of enqueued packets
results in larger delays and dropped packets. These results show that, while it is not possible to
prevent disruptive events, such as parent changes and schedule mismatches, as they are caused by
other protocols, E-OTF is able to manage these events more e�ectively than MSF (and OTF), by
reacting promptly and recovering very quickly from congestion.

To analyze the e�ciency of the three SFs in allocating the proper number of cells, we considered
the average cell utilization, shown in Fig. 21 for three tra�c rates (2, 1/3, 1/6 packets/slotframe). The
results show that E-OTF provides a better utilization in comparison to MSF. This can be explained
considering that E-OTF introduces a rapid mechanism to handle congestion, the congestion bonus.
The bonus is acquired and released rapidly as the congestion arises and is resolved, thus minimizing
the time in which the allocated resources remain unused. On the other hand, MSF adopts a slower
approach to release cells when the utilization drops below the lower threshold (25% of current
allocation), as only one cell at a time is removed from the schedule. If we compare OTF and E-OTF,
we can notice that OTF always results in a better utilization. However, this is because OTF handles
congestion poorly, thus resulting in long periods with a high number of enqueued packets that are
consequently transmitted in all the available cells. Focusing on E-OTF, we can observe that the
di�erence between the con�gurations with T = 2 and T = 8 increases as the tra�c rate decreases,
i.e., the utilization decreases when a larger T value is adopted. This is because at low tra�c rate, a
large congestion bonus allows the nodes to eliminate congestion right after the allocation of the
bonus cells, which, however, remain unused until the subsequent execution of E-OTF. We conclude
our discussion about this set of experiments, by analyzing the duty cycle of a node when using the
three considered SFs. It measures the percentage of time in which the node remains active. At the
same time, if we assume that nodes remain active only during the cells in which they transmit or
receive (and sleep for the rest of the time, to save energy), the duty cycle is also an indirect measure
of the energy consumed by the node. Fig. 22 shows the duty cycle experienced by a speci�c node
in the network (node 7), for three di�erent tra�c rates, i.e., high: 2 packets/slotframe, moderate:
1 packet/slotframe, low: 1 packets/6 slotframe. For the sake of brevity, we only considered two
di�erent values of the hysteresis quantum T , namely T = 2 and T = 8 (the results obtained with
T = 4 has the same trend). As above, we focus on node 7 since it is one of the most loaded nodes in
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the network, due to its location in the grid (see Fig. 9). E-OTF exhibits a duty cycle slightly higher
than MSF and higher than OTF. Once again, this is due to the congestion bonus, i.e., the extra
number of cells requested by the algorithm to quickly recover from congestion, that increases the
overall duty cycle. However, the additional cost to pay with respect to MSF, is limited and acceptable,
compared with the signi�cant improvement introduced by E-OTF in terms of lower end-to-end
latency and higher reliability. The low duty cycle of OTF, especially with 2 packets/slotframe, is
due to the previously highlighted shortcomings of its Allocation Algorithm. Indeed, the duty cycle
is low because the number of required cells is underestimated which results in a low end-to-end
reliability (Fig. 17).
So far, we have compared the performance of E-OTF, MSF, and OTF for varying tra�c rates.

In practice, many other parameters may a�ect the performance of the SF, such as slotframe size,
number of nodes in the network, etc. To investigate the e�ect of such parameters, we performed
additional simulation experiments. The obtained results are summarized below. For brevity, we
only focus on E-OTF (with T = 2) and MSF.
Fig. 23 shows the end-to-end reliability for di�erent slotframe sizes, when the tra�c rate is

equal to 1 packet every 1.5 seconds (i.e., 1 packet/slotframe when the slotframe size is equal to
101). The performance of the SFs is not signi�cantly a�ected by the slotframe size, con�rming that
the considered SFs work well with di�erent con�gurations. The latency experienced by packets,
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omitted here for brevity, decreases signi�cantly with the slotframe size. This is mainly because
when the slotframe size is lower, the allocated cells are more uniformly distributed over time.

Fig. 24 shows the impact of the number of nodes in the network, (as above, the tra�c rate is 1
packet/slotframe, corresponding to 1 packet every 1.5 seconds). Now, the impact on the performance
of both E-OTF andMSF is muchmore apparent since the path from the source node to the destination
node is typically longer. Hence, the end-to-end reliability decreases and the latency (omitted here
for brevity) increases. However, E-OTF still outperforms MSF in all the considered scenarios and
the gap increases with the network size.

9 EXPERIMENTAL RESULTS
Since simulation experiments might not take into account all the factors that can occur in a real
environment, we also performed a set of measurements on a real testbed. The purpose of this
experimental analysis is twofold: (i) validating the previous simulation results, thus con�rming
that E-OTF outperforms both MSF and OTF, and (ii) showing that the proposed solution is viable in
a real environment. For our measurements, we used the PINT testbed [32] deployed on a two-�oor
building of our department at the University of Pisa, whose map is shown in Fig. 25. It consists
of 23 nodes, where each node is a Zolertia RE-Mote sensor node, equipped with ARM Cortex-M3
system on chip (SoC), and running the Contiki Operating System. Wireless connectivity is provided
by the Texas Instruments CC2538 chip, operating at 2.4 GHz, that implements the IEEE 802.15.4
PHY layer. As for the simulation comparison in Section 8, we limited our experimental analysis
to E-OTF, MSF and OTF. In our experiments, we used the same Contiki code used in the Cooja
simulator and the same parameter values considered in the simulation analysis (see Tab. 4), with a
couple of exceptions. Speci�cally, we reduced the size of the slotframe to 47 slots and limited the
bu�er available at nodes to 8 packets, in order to meet the memory constraints of the real sensor
nodes used in our testbed.
Although we did not carry out our measurements in an industrial environment, nevertheless

we ran our experiments in a working place with several sources of interfering signals, including
co-located WiFi networks. To increase the accuracy of our results, we performed 10 di�erent
replicas for each experiment, each spanning 1 hour. The results presented below are averaged over
the 10 replicas (in the �gures we also show the con�dence intervals). We considered the following
tra�c rates: 1, 1/2, 1/3, 1/6 packets/slotframe.
Fig 26 compares the end-to-end reliability provided by MSF, OTF and E-OTF. The trend is the

same observed in simulation experiments (see Fig. 17), with E-OTF signi�cantly outperforming
OTF and MSF, at the higher tra�c rates, also in a real environment. Speci�cally, E-OTF provides a
reliability above 90% for all the considered tra�c rates, and very close to 100% when the tra�c

Fig. 25. PINT Testbed Deployments map.
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Fig. 26. End-to-end reliability in the PINT testbed.
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Fig. 27. Duty Cycle of node 3 in the PINT testbed.

Table 7. 95th Percentile end-to-end Latency(s). PINT testbed results.

T (Hysteresis Quantum) 2 4 6

packets/slotframe

1

MSF 4.7 ± 0.3
OTF 7.5 ± 0.6 6.3 ± 0.2 4.9 ± 0.24
E-OTF 3.3 ± 0.3 2.9 ± 0.1 3.5 ± 0.5
Latency Reduction - MSF 30% 38% 26%
Latency Reduction - OTF 56% 54% 29%

1/2

MSF 5.1 ± 0.2
OTF 7.4 ± 0.7 4.1 ± 0.3 3.1 ± 0.2
E-OTF 3.3 ± 0.2 2.8 ± 0.2 2.5 ± 0.03
Latency Reduction - MSF 35% 45% 51%
Latency Reduction - OTF 55% 32% 19%

1/3

MSF 6 ± 0.3
OTF 5.9 ± 0.7 4.3 ± 0.2 3.4 ± 0.2
E-OTF 4 ± 0.1 3.3 ± 0.1 2.6 ± 0.04
Latency Reduction - MSF 33% 45% 43%
Latency Reduction - OTF 32% 23% 24%

1/6

MSF 5.7 ± 0.2
OTF 4.9 ± 0.1 4.1 ± 0.1 3.5 ± 0.3
E-OTF 4.4 ± 0.1 3.8 ± 0.07 3.2 ± 0.1
Latency Reduction - MSF 23% 33% 44%
Latency Reduction - OTF 10% 7% 9%

rate is lower than 1 packet/slotframe. Tab 7 shows the 95th percentile of the end-to-end latency
experienced by packets. As above, the trend in latency reduction is the same observed in simulation
experiments, with E-OTF signi�cantly outperforming both OTF (up to 56%) and MSF (up to 51%).

Now, if we consider the gain obtained with E-OTF over MSF and OTF, the absolute values of the
real experiments are lower than in simulations. This is due to the di�erent con�guration used in
the real experiments to meet the memory constraints, i.e., the smaller bu�er available on the nodes
(16 in simulations and 8 in real experiments) and the shorter slotframe length (101 in simulations
and 47 in real experiments).

To conclude the analysis of our experimental results with the PINT testbed, in Fig. 27 we show
the duty cycle of node 3. Node 3 has a central position in the network and, hence, it has many
neighbors and a large amount of tra�c to manage. It can be seen that, when the tra�c rate is 1
packet/slotframe, E-OTF shows values that, with T = 2, are comparable with MSF. Again OTF has
a lower duty cycle for this tra�c rate, coherent to the low end-to-end reliability reported in Fig 26.
With the other tra�c rates, E-OTF withT = 2 exhibits a duty cycle which is around 2% higher than
MSF, and this gap increases with T = 6, nevertheless allowing the end-to-end latency to be the
lowest.
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10 CONCLUSIONS
In this paper we have performed a comprehensive performance evaluation of the 6TiSCH distributed
resource management mode, by considering not only the SF but also its interplay with the RPL
routing protocol and the 6P protocol used for resource negotiation. Firstly, we have derived an
analytical model of the 6P protocol to calculate the time required to complete a negotiation and
its success/failure probability. Then, we have investigated, through simulation, the performance
of three distributed SFs, namely MSF, OTF and PID, that take di�erent approaches in managing
communication resources. The results obtained have shown that, the behavior of the considered SFs
is strongly impacted by frequent changes in the parent node introduced by RPL, as well by failures
of 6P transactions. Both events may cause congestion at nodes, resulting in low reliability and high
end-to-end latency experienced by packets. In order to overcome these shortcomings, we have
proposed an enhanced version of OTF, namely E-OTF. The proposed solution leverages a mechanism
that allows nodes to react to congestion rapidly, resulting in a signi�cant improvement in terms
of reliability and latency. Finally, we have also performed an experimental analysis using a real
testbed to validate our simulation results and assess the suitability of the proposed enhancements
in a real environment. The experimental measurements con�rm the simulation results and show
that E-OTF outperforms both MSF and OTF, in terms of both latency and reliability at the cost of
a slightly higher duty cycle. As future work, we plan to design a new Scheduling Function that
takes a hybrid approach, by combining static and dynamic resource allocation, in order to ensure
continuous data forwarding and further reducing end-to-end latency.
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