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* Deployed on an embedded System (Limitation of resources)
* React to open environment adaptively

e Use multiple sensors to capture events, and then

* Controllers react to these events in real time

 Most of them are real time system (The correctness of the system depends not only on the logical result of
computation, but also on the time at which the results are generated)

mmWave Radar .
D oy { Industrial Challenge --- RTSS 2021 )
2
camera
i 30Hz 2D 30Hz
Perception 10Hz 10Hz 10Hz 10Hz
LiIDAR Pe;zt:i;::rl‘on Tracking — Prediction —— Planning ——  Control
Perception 10Hz 100Hz
| 10Hz
/'\ 100Hz 10Hz _
T Localization
GNSS/IMU Vehicle Chassis

Processing graph of an autonomous driving system
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Common Features of Autonomous Machine

e A common feature of autonomous machine is

* The ability to sense the surroundings and make decisions based on that
data without human intervention

{ Industrial Challenge --- RTSS 2021 )

30H
10Hz 10Hz 10Hz 10Hz

— Tracking — Prediction — Planning —  Control

10Hz | 100Hz
10Hz

100Hz 10Hz .
Localization

GNSS/IMU Vehicle Chassis

Processing graph of an autonomous driving system



Timing Constraints in Autonomous Machines

* End-to-End Latency Guarantees



End-to-End Latency Guarantees

* Data propagation from sensors to controllers must satisfy the
end-to-end latency constraint

camera
\i 30H 2D 30H

o Perception 10Hz 10Hz 10Hz 10Hz

LiDAR Pe;::;:::;on —— Tracking —— Prediction — Planning — Control
— Percept 10H 100H

100Hz 10Hz )
Localization

GNSS/IMU Vehicle Chassis



End-to-End Latency Guarantees

* Large latency—> Slow response to environmental changes

11111

Low latency, and quickly response to
changes in the surroundings

Large latency, slow response, leading
to an accident




Timing Constraints in Autonomous Machines

* Timing Consistency in Data Fusion



Timing Consistency in Data Fusion

* Sensor data from disparate sources can be safely fused only if
their timestamps closely align with each other

Signals from GPS (global positioning system) Lidar (light detection and ranging)
satellites are combined with readings from sensors bounce pulses of light off the
tachometers, altimeters sur dings. These are analysed to
and gyroscopes to provide identify lane markings and the

more accurate positioning *—————— edqes of roads

than is possible with
GPS alone —————

Video cameras detect traffic lights,
read road signs, keep track of the
Radar position of other vehicles and look
) X out for pedestrians and obstacles
“b S on the road

sensor

Sensor 1

» Fusion » Fused Data

Sensor N

Ultrasonic sensors may

be used to measure the -
position of objects very  The information from all
close to the vehicle, of the sensors is analysed
such as curbs and other by a central computer that
vehicles when parking manipulates the steering,
accelerator and brakes. Its
software must understand Radar sensors monitor the position of other
the rules of the road, both vehicles nearby. Such sensors are already used
Source: The Economist formal and informal in adaptive cruise-control systems

Picture from The Economist, “How does a self-driving car work?”



Timing Consistency in Data Fusion

* Sensor data from disparate sources can be safely fused only if
their timestamps closely align with each other

Ideal Situation Real-World Situation
s ~ a R
Data from different sensors are Fused data from different sensors
sampled at the same time have different timestamps

==
\

N\




Timing Consistency in Data Fusion

* Sensor data from disparate sources can be safely fused only if
their timestamps closely align with each other
* Time disparity: difference of their sampling time

time
- disparity

{ } * ‘ » [ Fusion J
sampling time




Innovation of This Work

* More deeply rooted in practical applications

* Try to design more effective fusion mechanisms



Rooted in Practical Applications

* Fusion algorithms
* Do not enforce the fused data to be sampled at the same time
* Instead, fused data only needs to maintain a reasonable time disparity

Time disparity fits in the predefined boundary A
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Rooted in Practical Applications

* Fusion algorithms

* Do not enforce the fused data to be sampled at the same time
* Instead, fused data only needs to maintain a reasonable time disparity

Time disparity exceeds the predefined boundary A
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A Fusion algorithm with compensatory measures

Basic Requirement of Fusion Algorithms

Data is fused only if the time disparity falls in an acceptable boundary.
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Rooted in Practical Applications

* Orient to basic requirements of fusion algorithms
* Pursue small time disparity
* but NOT the smallest time disparity

Basic Requirement of Fusion Algorithms =

Data is fused only if the time disparity falls in an acceptable boundary. fdata

ROS

Underlying system



What happens when Pursuing the Smallest Disparity?

* Traditional methods in ROS o
* Called the ApproximateTime Algorithm R ROS

* A sophisticated message synchronization policy
* Predict the arrival time of messages
* Wait for incoming messages to pursue the smallest time disparity
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What happens when Pursuing the Smallest Disparity?

ROS

* Traditional methods in ROS

* Called the ApproximateTime Algorithm

* A sophisticated message synchronization policy

* Predict the arrival time of messages
* Wait for incoming messages to pursue the smallest time disparity
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What happens when Pursuing the Smallest Disparity?

* Traditional methods in ROS A
* Called the ApproximateTime Algorithm R ROS

* A sophisticated message synchronization policy
* Predict the arrival time of messages

* Wait for incoming messages to pursue the smallest time disparity
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What happens when Pursuing the Smallest Disparity?

* Traditional methods in ROS i
* Called the ApproximateTime Algorithm bl ROS

* A sophisticated message synchronization policy
* Predict the arrival time of messages
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What happens when Pursuing the Smallest Disparity?

* Traditional methods in ROS A
* Called the ApproximateTime Algorithm R ROS

* A sophisticated message synchronization policy
* Predict the arrival time of messages
* Wait for incoming messages to pursue the smallest time disparity
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What happens when Pursuing the Smallest Disparity?

* Traditional methods in ROS o
* Called the ApproximateTime Algorithm R ROS

* A sophisticated message synchronization policy
* Predict the arrival time of messages
* Wait for incoming messages to pursue the smallest time disparity
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What happens when Pursuing the Smallest Disparity?

* ApproximateTime algorithm fails to meet timing disparity constraints
* To pursue the smallest time disparity at an iteration
* May worsen time disparity at future iterations

time disparity =6

Prediction

Time disparity bound =5
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What happens when Pursuing the Smallest Disparity?

* ApproximateTime algorithm fails to meet timing disparity constraints
* To pursue the smallest time disparity at an iteration
* May worsen time disparity at future iterations
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Time disparity bound =5
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What happens when Pursuing the Smallest Disparity?

* ApproximateTime algorithm fails to meet timing disparity constraints
* To pursue the smallest time disparity at an iteration
* May worsen time disparity at future iterations
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What happens when Pursuing the Smallest Disparity?

* There indeed exists fusion scheme that fulfills timing disparity
constraints

time disparity =4 | | time disparity =2 time disparity =3
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What happens when Pursuing the Smallest Disparity?

* There indeed exists fusion scheme that fulfills timing disparity
constraints

time disparity =4 | | time disparity =2 time disparity =3

Time disparity bound =5 \(—H r\( HR/
r ISR N RN =N S
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Innovation of This Work

* Try to design more effective fusion mechanisms



Try to designh more effective fusion mechanisms

Open Problem

If ApproximateTime Algorithm fails, is there better algorithms to

meet time disparity constraints?
/D M S\
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The SEAM Algorithm

Synchronize Earliest Arrival Messages (SEAM)

e Target: group the messages with reasonable time disparity

e Do this online:
e Buffer arrived messages

e Group the earliest arrival messages once their time disparity falls within
a specific range
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Evaluation Result

 Compare the Success Rate and Computation Time between SEAM and
ApproximateTime

* Success Rate: the percent of valid output message sets
* Computation Time: from message selection to output message set generation

* SEAM outperforms ApproximatTime algorithm
* Greater stability in success rate
* Better real-time capbility:

the computation time of SEAM is only 2/5 of that required by
ApproximateTime on average

SSSSSSSS | Succ Rate| Comp Time
—a— SEAM SE —=— SEAM SEAM —=— SEAM —a— SEAM
................. = ApproximateTim ApproximateTime === ApproximateTime ApproximateTime = ApproximateTime ApproximateTime —— ApproximateTime
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= 100F
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w80 60
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100ms, N =6, P = [30 — 100]ms, o« = 1.2, T = 50s. C' = 100ms, B = 125ms, N =6, a = 1.2, T = 50s. 100ms, B = 125ms, N = 6, P = [30 — 100]ms, T' = 50s. C' = 100ms, B = 125ms, N = 6, P = [30 — 100]ms, o = 1.2.



* Propose a novel message synchronization policy (SEAM)

* Prove the SEAM algorithm is optimal

e Qutput maximum number of message sets satisfying time disparity
constraints

* Implement SEAM into ROS 2



Jointly Ensuring Timing Disparity and End-to-End
Latency Constraints in Hybrid DAGs
Jinghao Sun?, Xisheng Lit, Mingyang Gong!, Nan Guan?,
Zhishan Guo3, Mingsong Chen?, Jun Zhao! and Qingxu Deng>




Common Features of Autonomous Machines

* React to open environment adaptively
* Use multiple sensors to capture events, and then

* Controllers react to these events in real time

mmWave Radar

D 10Hz

{ Industrial Challenge --- RTSS 2021 )

camera
i 30Hz 2D 30Hz
@ Perception 10Hz 10Hz 10Hz 10Hz
LiDAR Pe;ﬁ(:i%t:]on — Tracking —— Prediction —— Planning —— Control
Perception 10Hz 100Hz
| 10Hz
100Hz 10Hz i
Localization ’
GNSS/IMU Vehicle Chassis

Processing graph of an autonomous driving system



Common Features of Autonomous Machines

e Safety: Major Concern of Autonomous Machines

* New digraphms, e.g., SOAFEE, is proposed to develop safe-critical
autonomous machines

e o e o o o o o - o o o - o o o - o o o o - o - o o o o o o o o o o o o o o - o o o - - - - o - - - o - - - - - - -

@z == Cloud virtual testing scenarios  Before deployment at the edge

festing validation ~ AM software is virtualized and
Virtual testing system Virtual testing system Virtual testing system |
_____________________________________________________________________________ fully tested in the cloud
<
Successfully pass test & verification * Ensure it responds correctly and
‘Deployment .
i_"____"____"____"____"__""____"____"____"_________________________] safely to real-world environmental
0S 0S 0S/RTOS '

conditions during runtime

Hypervisor

_____________________________________________________________________________



Common Features of Autonomous Machines

e Safety: Major Concern of Autonomous Machines

* New digraphms, e.g., SOAFEE, is proposed to develop safe-critical
autonomous machines
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 Before deployment at the edge,

Designhing an adaptive and safe autonomous machine for open

environments is a complex challenge

safely to real-world environmental

conditions during runtime




Building and Safe Autonomous Machines

* Online methods seems an effcient way to implement adaptive
autonomous machines

sensor Once the sensor capture an event, autonomous machine
67 responses to it as soon as possible

Data
Preprocessing

~
G S S S
G S S S
Controller ( ( ( (
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Building Adaptive and Autonomous Machines

* Online methods introduce non-determinism

* Pose challenges for autonomous machine development and

testing during the design phase Suppose two events occur within a
very short time frame
serE% é i é i events Respond immediately to one may
(g R e cause the other to be missed or go
o 3 4 T unhandled

Preprocessing

: N\ N
o G
G G &

Bound exceed



Building Adaptive and Autonomous Machines

*In SOAFEE, even with extensive testing in the virtual cloud
environment, it is impossible to cover all runtime scenarios

_____________________________________________________________________________

. L SOAFEE
‘g mgae== Cloud virtual testing scenarios

e Testing Validation
Virtual testing system Virtual testing system Virtual testing system
-
Successfully pass test & verification
i _-Deployment
0S 0S 0S/RTOS & All exceptional

i fa‘, Hypervisor i runtime scenarios

_____________________________________________________________________________




Building Adaptive and Autonomous Machines

Better reflect real-world operating

* A worthwhile direction conditions

* Simulate more realistic runtime scenarios

Enable more comprehensive and

* Enumerate additional corner cases .
robust testing coverage

_____________________________________________________________________________

. L SOAFEE
‘g reat=s Cloud virtual testing scenarios

Testing Validation
Virtual testing system Virtual testing system Virtual testing system
&
Successfully pass test & verification
i _-Deployment
0S 0S 0S/RTOS & All exceptional

i a Hypervisor i runtime scenarios

_____________________________________________________________________________




Autonomous Machines

* An promising direction:
» Offline + Adaptive Control (both deterministic and flexibility)

At the design phase, we determine
sensor * What sensor data is dropped
ai * What sensor data should be responded by

an adaptive controller
Data
Preprocessing ~ | ~ N ~

e A
oo O
(

Adaptive
Controller




Autonomous Machines

* An promising direction:
» Offline + Adaptive Control (both deterministic and flexibility)

Once the sensor data selection scheme is pass the

verification during the offline design time
@\? : : Autonomous machine will not fail to react to any
| e e ) accident event during the runtime

Data
Preprocessing

sensor

Tracking

Planning

Adaptive
Controller

Well-bounded



 System Model



Our contribution

e To support cloud virtual testing & verification in SOAFEE, we need

more deterministic timing behaviors in adaptive systems

* This paper propose an offline data mapping method (combined

with online transmission) to guarantee system’s predictable time

performance

* Experimental work shows that our method achieves a higher

success rate than the built-in ROS 2 algorithm
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