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Canada: Province of Quebec
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INRS: Research Arm of University of Quebec (UQ)

Centre National de la University of California 
Recherche Scientifique  (UC)

(CNRS)





• Mission: Finding solutions to 
problems facing Quebec’s society

• Four research centers
• Water, earth, environment
• Human/animal health
• Urbanization, culture, society
• Energy, materials, 

telecommunications
• 150 professors
• No undergraduate program
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Social robot “pepper” as hub between different research directions
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5G Services: URLLC
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“A Robot in Every Home”  
Bill Gates, 2007:

– Robotics industry is
developing in much the same
way as PC business did 30 
years ago

– Vision: PC will get up off the 
desktop & allow us to see, 
hear, touch and manipulate
objects remotely
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“The Tactile Internet” 

March 2014:
– G. P. Fettweis coins the term Tactile Internet:

“Enabling unprecedented mobile applications for tactile    
steering and control of real and virtual objects”

August 2014:
– ITU-T Technology Watch Report “The Tactile Internet”
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“The Tactile Internet” 

March 2016:
– IEEE P1918.1 standard working group approved by IEEE 

Standards Association
– Definition of Tactile Internet:

“A network, or a network of networks, for remotely accessing,    
perceiving, manipulating or controlling real and virtual objects
or processes in perceived real-time”

– Key use cases:
• Teleoperation, haptic communications, and immersive 

virtual reality
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Tactile Internet     
vs. IoT & 5G
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FiWi Enhanced 4G LTE-A HetNets

• MU: Mobile User
• HO: Human Operator
• TOR: Teleoperator Robot
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WiFi Connection Times of MUs

• CCDF of WiFi connection 
time of MUs fits truncated 
Pareto distribution:

• Verified by using 
comprehensive 
smartphone traces of 
PhoneLab data set 100 101 102 103 104 105
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H. Beyranvand, M. Lévesque, M. Maier et al., “Toward 5G: FiWi Enhanced LTE-A HetNets With Reliable Low-Latency Fiber 
Backhaul Sharing and WiFiOffloading,” IEEE/ACM Transactions on Networking, vol. 25, no. 2, pp. 690-707, April 2017.
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URLLC in FiWi Enhanced 4G LTE-A HetNets
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H. Beyranvand, M. Lévesque, M. Maier et al., “Toward 5G: FiWi Enhanced LTE-A HetNets With Reliable Low-Latency Fiber 
Backhaul Sharing and WiFi Offloading,” IEEE/ACM Transactions on Networking, vol. 25, no. 2, pp. 690-707, April 2017.



19

Teleoperation & Haptic Communications

Edge Sample 
Forecast (ESF) via 
AI Enhanced MEC
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ESF: Multi-Layer Perceptron (MLP)
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Haptic Traffic: Packet Interarrival Times
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Haptic Traffic: Packet Interarrival Times
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Haptic Trace Driven Simulations

Local
teleoperation
w/ and w/o
deadband

coding
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NG-PON Backhaul

Non-local
teleoperation

across different
NG-PON 

backhaul infra-
structures
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ESF: Forecasting Accuracy

Haptic traces 
used to train 

MLP based ESF to
perceive remote
task environment

in real-time at 
1-ms granularity
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Intelligent Machines: Classification

Ability to act
(vertical)

vs.
Ability to learn

(horizontal)

T. H. Davenport and J. Kirby, “Only Humans Need Apply: Winners and Losers in the Age of Smart Machines,” HarperBusiness, May 2016.
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HABA/MABA

• Traditional humans-are-
better-at/machines-are-
better-at (HABA/MABA) 
design approach

• Only divides up work 
between humans and 
machines

“Human Engineering for an Effective Air Navigation and 
Traffic Control System,” National Academy of Sciences, 1951.
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Human-Machine Collaboration

Weak human + Machine + 
Better process

superior to 
Strong human + Machine + 

Inferior process

A clever process beats superior 
knowledge & superior 

technology

From AI to IA (Intelligence Amplification)
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Human-Agent-Robot Teamwork (HART)

Basic Idea: “Keep Human in the Loop”
– Treating human as a “member” of a team of intelligent 

machines for a race with (rather than against) machines

Goals
• Design of human-machine coordination processes 
• Drive symbiotic human-robot development in search for 

synergies 
• Enabling automation and/or augmentation of physical 

and cognitive human tasks
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Physical Task Allocation Using Self-Awareness

HART-centric 
task coordination 

based on  
shared use of 

user- and 
network-owned 

robots
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Spreading Ownership

Minimizing 
completion time 
of physical tasks 

by spreading 
ownership of 
robots across 

MUs
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Tactile Internet & 6G

30 |||    IEEE VEHICULAR TECHNOLOGY MAGAZINE  |  SEPTEMBER 2019

FIGURE 1 The (a) typical scenarios and (b) key capabilities of 6G networks [6]. IMT-2030: International Mobile Telecommunications 2030; 
eURLCC: extremely ultrareliable and low-latency communications.
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Z. Zhang, Y. Xiao, Z. 
Ma, M. Xiao, Z. Ding, X. 
Lei, G. K. Karagiannidis, 

and P. Fan, “6G 
Wireless Networks: 

Vision, Requirements, 
Architecture, and Key 
Technologies,” IEEE 
Vehicular Technology 

Magazine, vol. 14, no. 3, 
pp. 28-41, Sep. 2019.   
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6G: Convergence of Technologies
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Fig. 1. 6G vision: Applications, trends, and technologies.

II. 6G DRIVING APPLICATIONS, METRICS, AND NEW
SERVICE CLASSES

Every new cellular generation is driven by innovative
applications. 6G is no exception: It will be borne out of
an unparalleled emergence of exciting new applications and
technological trends that will shape its performance targets
while radically redefining standard 5G services. Next, we first
introduce the main applications that motivate 6G deployment
and, then, discuss ensuing technological trends, target perfor-
mance metrics, and new service requirements.

A. Driving Applications behind 6G and Their Requirements

While traditional applications, such as live multimedia
streaming, will remain central to 6G, the key determinants of
the system performance will be four new application domains:

1) Multisensory XR Applications: XR will yield many
killer applications for 6G across the AR/MR/VR spectrum.
Upcoming 5G systems still fall short of providing a full
immersive XR experience capturing all sensory inputs due
to their inability to deliver very low latencies for data-rate
intensive XR applications. A truly immersive AR/MR/VR
experience requires a joint design integrating not only en-
gineering (wireless, computing, storage) requirements but
also perceptual requirements stemming from human senses,
cognition, and physiology. Minimal and maximal perceptual
requirements and limits must be factored into the engineering
process (computing, processing, etc.). To do so, a new concept

of quality-of-physical-experience (QoPE) measure is needed
to merge physical factors from the human user itself with
classical QoS (e.g., latency and rate) and QoE (e.g., mean-
opinion score) inputs. Some factors that affect QoPE include
brain cognition, body physiology, and gestures. As an example,
in [2], we have shown that the human brain may not be able
to distinguish between different latency measures, within the
URLLC regime. Meanwhile, in [3], we showed that visual and
haptic perceptions are key for maximizing resource utilization.
Concisely, the requirements of XR services are a blend of
traditional URLLC and eMBB with incorporated perceptual
factors that 6G must support.

2) Connected Robotics and Autonomous Systems
(CRAS): A primary driver behind 6G systems is the immi-
nent deployment of CRAS including drone-delivery systems,
autonomous cars, autonomous drone swarms, vehicle platoons,
and autonomous robotics. The introduction of CRAS over the
cellular domain is not a simple case of “yet another short
packet uplink IoE service”. Instead, CRAS mandate control
system-driven latency requirements as well as the potential
need for eMBB transmissions of high definition (HD) maps.
The notion of QoPE applies once again for CRAS; however,
the physical environment is now a control system, potentially
augmented with AI. CRAS are perhaps a prime use case
that requires stringent requirements across the rate-reliability-
latency spectrum; a balance that is not yet available in 5G.

W. Saad,M. Bennis, and 
M. Chen, “A Vision of 
6G Wireless Systems: 
Applications, Trends, 

Technologies, and Open 
Research Problems,” 

IEEE Network, 
IEEEXplore Early 

Access
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Decentralization via Blockchain

Decentralized 
blockchain 

technologies 
used to realize 
blockchain IoT 

(BIoT)
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Blockchain IoT (BIoT)

Smart Contracts Architectural Styles
ACC Framework

• Access control contract 
(ACC) maintains misbehavior 
list for each BIoT resource & its 
penalty (e.g., blocking access 
for certain time period)

• Judge contract (JC)
Implements certain misbehavior 
judging method & returns 
decision to ACC for executing 
penalty

Decentralized edge computing

• Fully centralized (cloud w/o 
blockchain)

• Pseudo distributed (blockchain 
physically located in cloud)

• Distributed (things directly 
controlled by smart contracts)

• Fully distributed (blockchain 
deployed on end-user devices): 
Superior robustness & security
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Decentralization via Blockchain

Decentralized 
blockchain 

technologies 
used to realize 
blockchain IoT 

(BIoT)
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“The Way of The DAO”

A. Beniiche, A. Ebrahimzadeh, and M. Maier
“The Way of The DAO: Towards Decentralizing 
the Tactile Internet”
IEEE Network, submitted January 2020
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Ethereum: DAOs vs. AI & Robots

Decentralized Autonomous 
Organizations (DAOs)

• Salient feature of Ethereum
• Open-source, distributed 

software platform that executes 
smart contracts

• Unlike autonomous AI based 
agents, DAOs by design heavily 
rely on involvement from humans 
at the edges (“crowdsourcing”)
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Stanford University: “AI and Life in 2030”
ARTIFICIAL INTELLIGENCE
AND LIFE IN 2030
ONE HUNDRED YEAR STUDY ON ARTIFICIAL INTELLIGENCE | REPORT OF THE 2015 STUDY PANEL | SEPTEMBER 2016

PREFACE
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The overarching purpose 

of the One Hundred Year 

Study’s periodic expert 

review is to provide a 

collected and connected 

set of reflections about  

AI and its influences as  

the field advances.

• AI likely to replace 
tasks rather than 
jobs in near term

• Importance of 
crowdsourcing of 
human skills to 
solve problems that 
machines alone 
cannot solve well
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Decentralizing the Tactile Internet

Goal:

“Search for synergies between HART membership and 
complementary strengths of the DAO, AI, and robots to 
enable local human-machine coactivity clusters via 
decentralizing the Tactile Internet”
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MEC: Partially vs. Fully Decentralized
• 1 ≤ 𝑁$%&' ≤ 4 MEC servers

• Partially/fully decentralized
end-users control their com-
putation offloading probability 
for local computation on 
smartphones/user-owned 
robots

1 ≤ 𝑁)* ≤ 8

• Remaining 8 − 𝑁)* end-users 
rely on edge computing only
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Crowdsourcing: Human Assistance of Robots

Smart Contracts
Help establish/maintain 
trusted human-agent-
robot teamwork 
(HART) membership

Crowdsourcing
Nearby HOs help 
finalize physical tasks 
when 3 ouf of 5 haptic 
feedback samples are 
misforecast
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Nudge: Cognitive Assistance of Humans
• Definition of nudge:

Any aspect of a choice architecture 
that changes people’s behaviour in 
a predictable way

• A nudge can steer people as opposed
to steer objects, as done in conventional
Tactile Internet 

• Used to enhance human capabilities
of unskilled crowd members
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Nudging via Smart Contract

SUBMITTED TO IEEE NETWORK 6

learning is inferior to the human brain in understanding unstruc-
tured real-world environments and processing incomplete infor-
mation and complex spatio-temporal correlation tasks. Hence,
machines cannot carry out all the tasks in human society on
their own. Instead, AI and human intelligence are better viewed
as highly complementary.

According to [14], the Internet provides an immense inno-
vation space for HITL hybrid-augmented intelligence. Specif-
ically, cloud robotics and AR are among the fastest growing
commercial applications for enhancing the intelligence of an
individual in multi-robot collaborative systems. One of the key
research avenues of HITL hybrid-augmented intelligence is the
development of methods that allow machines to learn from not
only massive training samples but also human knowledge in
order to execute highly intelligent tasks via shared intelligence
among different robots and humans.

C. Decentralized Self-Organizing Cooperative (DSOC)
A very interesting example of converting human and machine

intelligence into a new form of self-organizing artificial general
intelligence (AGI) across the Internet is the so-called Singular-
ityNET (https://singularitynet.io). One can think of Singulari-
tyNet as a decentralized self-organizing cooperative (DSOC),
a concept similar to DAO. DSOC is essentially a distributed
computing architecture for making new kinds of smart contracts.
Entities executing these smart contracts are referred to as
agents, which can run in the cloud, on phones, robots, or other
embedded devices. Services are offered to any customer via
APIs enabled by smart contracts and may require a combination
of actions by multiple agents using their collective intelligence.
In general, there may be multiple agents that can accomplish
a given task request in different ways and to different degrees.
Each task request to the network requires a unique combination
of agents, thus forming a so-called offer network of mutual
dependency, where agents make offers to each other to exchange
services via offer-request pairs. Whenever someone wants an
agent to perform services, a smart contract is signed for this
specific task. Towards this end, DSOC aims at leveraging
contributions from the broadest possible variety of agents by
means of superior discovery mechanisms for finding useful
agents and nudging them to become contributors.

D. Nudge Contract: Nudging via Smart Contract
Extending on DSOC and the judge contract introduced in

Section I, we develop a nudge contract for enhancing the
human capabilities of unskilled crowd members of the DAO.
According to Richard H. Thaler, the 2017 Nobel Laureate
in Economics, a nudge is defined as any aspect of a choice
architecture that changes people’s behavior in a predictable way,
while not ruling out any options nor significantly changing their
economic incentives. Deployed appropriately, nudges can steer
people, as opposed to steer objects—real or virtual—as done
in the conventional Tactile Internet, to make better choices and
positively influence the behavior of crowds of all types.

Our nudge contract aims at completing interrupted physical
tasks by learning from a skilled DAO member with the objective
of minimizing the learning loss, which denotes the difference
between the achievable and optimum task execution times [15].

Algorithm 1: Nudge Contract
1 Given: Set U = {h1, h2, ..., hn} of n DAO members,

capability vector C = [c1, c2, ..., cn], distance vector
D = [d1, d2, ..., dn], interrupted task T, required number
D of actions to execute the interrupted task, interrupted
robot r0, capability requirement c0 of the interrupted task

2 Decompose the given interrupted task T into Nsub

subtasks
3 for i = 1 to n do
4 if ci � c0 then
5 S  hi

6 end
7 end
8 h⇤  argmindi

{S}
9 Create a secure blockchain transaction between h⇤ and

interrupted robot r0
10 Send the learning instructions from h⇤ to r0 through the

established transaction
11 Use the multi-arm bandit selection strategy in [15] to help

the robot learn the given set of subtasks
12 if all Nsub subtasks are learned successfully then
13 learning process is successfully accomplished
14 r0 can execute the interrupted task T with the

capability of h⇤

15 else
16 Learning process is failed
17 DAO member h⇤ traverses to the interruption point to

execute the task T
18 end
19 Reward the skilled DAO member h⇤ via blockchain smart

contract

The ability to learn a given subtask is characterized by the
subtask learning probability. The learning process is accom-
plished if each subtask is learned successfully from a skilled
DAO member, who in turn is rewarded via a smart contract (see
Algorithm 1 for details). Fig. 5 shows the performance of our
nudge contract for 50 DAO crowd members, whose ratio fhuman

frobot
is randomly chosen from {1/3, 3/3, 5/3}. We observe that for a
given subtask learning probability, decreasing the number Nsub

of subtasks helps reduce the learning loss, thus indicating the
importance of a proper task decomposition method.

V. CONCLUSIONS

In this paper, we explored how Ethereum blockchain tech-
nologies, in particular the DAO, may be leveraged to decentral-
ize the Tactile Internet, which enables unprecedented mobile ap-
plications for remotely steering real or virtual objects/processes
in perceived real-time and represents a promising example of
future techno-social systems. We showed that a higher level
of decentralization of AI enhanced MEC reduces the average
computational task completion time of up to 89.5% by setting
the computation offloading probability to 0.7. Further, we
observed that crowdsourcing of human assistance is beneficial
in decreasing the average completion time of physical tasks for
medium to high feedback misforecasting probabilities, provided




