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Distributed Intelligent Systems – W14
 Intelligent Vehicles Intelligent Vehicles and
 Intelligent Transportation S tSystems
 1

Page 2
						

Outline
 • Motivation for studying ITS and IV– Relation to distributed intelligent systems
 R l i b i– Relation to robotics– Automotive sensors
 • Case study: DARPA Urban Challenge (Junior 2007)• Case study: DARPA Urban Challenge (Junior 2007)• Multi-level simulation of IV (ITSC 2010)• Local graph-based distributed control for safeLocal graph based distributed control for safe
 platooning (IROS 2010)• Conclusions
 2
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Deadlock
 3

Page 4
						

Motivation
 • Why ITS?– Traffic is a distributed systemTraffic is a distributed system– Intelligence to solve many problems
 • Issues in traffic systems• Issues in traffic systems– Safety
 T ffi fl idit– Traffic fluidity
 4

Page 5
						

Intelligent Transportation S tSystems
 5

Page 6
						

From Local to Global
 • Intelligent vehicle– Sensors, computing, communicationSensors, computing, communication
 • Intelligent infrastructureSensors communication– Sensors, communication
 • System optimizationffi ( ffi li h l)– Traffic centers (e.g., traffic light control)
 – Distributed
 6

Page 7
						

Mobile Robots and Intelligent VehiclesMobile Robots and Intelligent Vehicles
 Common• Need for localization,
 obstacle detection, path planning and movementplanning and movement– Range sensors, IMU, motors
 Different kDifferent• Different environment• Different mass and speed
 e-puck
 Different mass and speed• Presence of the driver• Traffic regulationsg• Heterogeneity level
 7Google Self-Driving Car
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Automotive SensorsLaser range-finders Vision
 Positioning
 Ibeo LUX Mobileye Camera
 Radars
 Mobileye Camera
 Applanix POS LV
 8Velodyne HDL-64E
 Bosch LRR3

Page 9
						

DARPA Urban Challenge g2007
 J i V hi lJunior Vehicle
 9
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DARPA Urban Challenge (2007)(2007)
 • Fully autonomous driving, 11 vehicles• No driver inside no remote controlsNo driver inside, no remote controls• Military base (city-like environment)
 RNDF i i fil• RNDF mission files• Junior vehicle
 – Drove about 90 km– Encountered 200 other vehicles
 10
 – Finished 2nd
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Junior Vehicle
 Sensors
 Computing powerComputing powerAlgorithms
 Actuators 11
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Junior Video (Thrun)Junior Video (Thrun)
 12
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Software pipeline
 UKF Pose UKF Pose Obstacle TrackerObstacle Tracker
 GPS
 EstimationEstimationObstacle TrackerObstacle Tracker
 IMUDMU
 Path PlannerPath Planner
 RNDF: map
 RNDF RNDF LocalizationLocalization Obstacle detection
 Actuation
 Actuation
 Reflectivity information
 LocalizationLocalization
 nn
 13
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Perception
 • Perception consists of three main routines
 – Static obstacle detection
 – Static mapping (e.g., in parking lots)
 – Detection and tracking of moving vehicles
 14
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Obstacle detection• Velodyne supplemented by IBEO and SICK• Compares ranges returned by two adjacent
 beams• Detects reliably small and overhanging
 obstacles
 15
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Static mapping
 B i d l i• Bayesian map update rule inthe grid (Moravec, 1988)
 • Local visibility calculations to• Local visibility calculations to account for dynamic obstacles
 16
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Dynamic objects
 • Detect areas of change using synthetic scans• Track moving objects using particle filterTrack moving objects using particle filter
 17
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Localization
 • Probabilistic matching with• Probabilistic matching with road reflectivity and curb-like obstacleslike obstacles
 • 1D histogram filter:rewards lateral positions that are in accordance with
 d i f isensed information18
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Navigation
 • Global planner uses dynamic programming to compute costs from any location on the RNDF map to the goal
 • Then, one of local planners is used– Road planner– Free-form plannerp
 19
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Global path planningGlobal path planning
 • Dynamic programming: recursive computation of cumulative costsp
 • Cost function c(x, u)– Time to move between adjacent cells in RNDF– Certain maneuvers penalized by adding more
 time20
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RNDF road navigationg• Trajectory parallel to the smoothed center
 f th lof the lane• Trajectories with lateral shifts• Score of trajectory
 – Time to follow (infinite if blocked by an obstacle)
 – Cumulative cost computed by global planner• Planner minimizes total cost value
 21
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Free-form planner
 • The free-form planner is aThe free-form planner is a modified A* path search algorithm: it allows the creationalgorithm: it allows the creation of feasible paths
 4D search: x y yaw and direction– 4D search: x, y, yaw and direction• This hybrid-A* combines 2
 h i ti t t th lheuristics to go to the goal:– Holonomic with obstacles– Non-holonomic without obstacles
 22
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A* search
 Heuristic function h(x,y)
 9 8 7 6 5 48 7 6 5 4 3
 S XX9 g= 12345678
 7 6 5 4 3 26 5 4 3 2 15 4 3 2 1 0
 XX
 G
 999 9 9 9 9
 11 11
 5 4 3 2 1 0
 f = g + h(x y)
 G9 9 9 9 9
 f = g + h(x,y)f – cost functionh – heuristic
 Heuristic function has to be an optimistic guess:
 g – visited order h(x,y) <= actual goal distance from x,y
 23
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Multi-level Simulation of Intelligent Vehicles
 24
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Models
 • Models– Microscopic– Macroscopic
 M d li• Modeling– Space mean
 speedspeed– Traffic density– Traffic flow
 25
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Motivation• Why do we need traffic simulation?
 – Reality to Simulation:Reality to Simulation:To analyze and understand traffic patterns
 – Simulation to Reality:Simulation to Reality:To predict how these patterns might evolve
 26
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MotivationMacroscopic Microscopic Submicroscopic
 FREFLO
 SumoVISSIM
 PARAMICSCORSIM CarSim
 KRONOSMETACOR
 TRANSYT (TranEd)
 Hank Driving
 CORSIMAIMSUN
 Sitra-B+
 SiVIC
 NETCELLNETVAC
 Sitra B+ARTEMiSARTISTDracula
 SimTrafficFRESIMTransModeler ?
 1970’s 1990’s 2000’s
 27
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Simplified Car ModelsSimplified Car ModelsNaïve Expertp
 Single point mass model One track vehicle model
 28
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Ackerman steeringg
 Outer wheel angle
 I h l l
 Track
 Inner wheel angleAxle distance
 29
 [R. N. Jazar, “Steering Dynamics,” in Vehicle Dynamics: Theory and Application, Springer US, 2008, pp. 379–454.]

Page 30
						

Kinematic Model• Advantages:
 – Simple equations
 – Very efficient for low speed maneuver planning
 • Disadvantages:
 – Only accurate at low speed and small steering rates
 – Unusable for high speed dynamics (because of slip)
 30
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Kinematic Model
 31
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Dynamics Engine• 3D collision detection• Soft body dynamics, and rigid body dynamics• Often used in games, and in visual effects in
 movies.• It is fast as they can use the computer graphics• It is fast - as they can use the computer graphics
 card.• Examples:p
 – Bullet– ODE
 YouTube - Bullet Engine Car Demo
 32
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Hinge and Torques• Need to specify hinges and torques
 li d li i hi l iapplied to get a realistic vehicle motion.• Often, aerodynamic drag is not taken into
 account.– Is this ok?
 • Only for simple dynamic models.
 http://www.ode.org/33
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Case-Study of a WebotsPluginPlugin
 34
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Elements of the Simulator
 • Environment• Traffic
 – Microscopic levelp– Sub-microscopic level
 http://www.behance.net/hockstuff35
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Environment• Realistic Simulation means realistic scenario and
 thus realistic environment.thus realistic environment.• OpenStreetMap is a map repository.
 One can extract parts of a map and download it as an– One can extract parts of a map and download it as an XML data file.
 <?xml version="1.0" encoding="UTF-8"?><osm version="0.6" generator="OpenStreetMap server"><bounds minlat="46.19456" minlon="6.13894" maxlat="46.20208" maxlon="6.14795"/><node id="25647122" lat="46.1946447" lon="6.1417089" version="9" changeset="547641" user="tlacuilo" uid="58410"
 visible="true" timestamp="2008-10-24T10:55:19Z"/><node id="25647124" lat="46.1948789" lon="6.1413679" version="6" changeset="538660" user="tlacuilo" uid="58410"
 visible="true" timestamp="2008-10-23T18:33:32Z"/><node id="25647125" lat="46.1952847" lon="6.1415897" version="4" changeset="785905" user="tech_gis" uid="105575"
 visible="true" timestamp="2009-03-11T01:28:01Z"/><node id="25647126" lat="46.1948269" lon="6.1420438" version="2" changeset="538660" user="tlacuilo" uid="58410"
 visible="true" timestamp="2008-10-23T18:22:20Z"/><node id="25647135" lat="46.1950572" lon="6.1434278" version="2" changeset="547641" user="tlacuilo" uid="58410"
 visible="true" timestamp="2008 10 24T10:59:39Z"/>visible= true timestamp= 2008-10-24T10:59:39Z />
 36

Page 37
						

OpenStreetMap• Roads extracted from the XML data are translated
 in:in:– an OpenGL rendering– a graph structurea graph structure
 37
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Traffic Model• Microscopic level• Like other microscopic simulators, it
 d lmodels:– a lane keeping/change behavior as a perfect
 driver.• Unlike most of them, it models:
 – non-discrete lanenon-discrete lanechanges
 38
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Lane Keeping: IDM• Gipps’, Wiedemann’s and many more.• We use Helbing’s lane keeping model:We use Helbing s lane keeping model:
 Maximum acceleration Acceleration exponent Minimal gap Preferred reaction time Gap change rate
 Preferred speed Current gapDesired acceleration Desired gap Preferred gap Preferred deceleration
 • It’s a superposition of the acceleration on a free road and a braking deceleration.g
 • The deceleration depends on the current gap and the desired gapgap and the desired gap.
 39
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Lane Change: MOBIL• There are also a lot of lane change models.• We use Treiber’s model• We use Treiber s model.• Safety criterion:
 Maximum safe deceleration
 • Optimality criterion:The predicted desired accelerationof the new trailing vehicle
 Politeness factor Advantage threshold
 Own advantage: gain in acceleration Advantage of the trailing vehicles of both the new and current lane
 M. Treiber and D. Helbing, Realistische Mikrosimulation von Straßenverkehr mit einem einfachen Modell , 16th Symposium of Simulationstechnik ASIM, pp. 514-520.
 40
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Car Model• Sub-microscopic, realistic level• Uses Open Dynamic Engine (ODE):• Uses Open Dynamic Engine (ODE):
 – Hinge modelF i i M d l– Friction Model
 – Engine and Brake Model• Interfaced with Webots:
 – Sensors Model• and OMNeT++
 41
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Sensor & Controller Models• Code plug-in interfaced with Webots.• We can use any kind of robotic sensors:• We can use any kind of robotic sensors:
 – GPS, Compass, Cameras, Gyroscope, Accelerometer, Laser range finderLaser range finder, ...
 • And create our own controllers
 42
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Communication Model• Wireless communication is based on OMNeT++.• OMNeT++ is a simulation library for building• OMNeT++ is a simulation library for building
 network simulators.It id li ti di i ti• It provides a realistic radio communication channel.
 43
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Showcase Scenario• Vehicles with 4 LiDARs (to cover 360˚)• Vehicle tracker based on a particle filter
 – Performance?– Capabilities?
 44
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Experiment I• Manhattan, New York City, USA (1km2)
 1000 i i hi l d 1 li ti• 1000 microscopic vehicles and 1 realisticvehicle
 • The realistic car wandersrandomly during an hour:– 25 km– 663 vehicles encountered– 380 successful tracks– Range: 0.21±1.5 m
 Bearing: 0.14±0.19 rad
 http://maps.google.com/45
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Experiment II & III• Platooning on a test
 highwayhighway• 120 km/h with 3 other
 vehiclesvehicles• 100 trials
 i i– Without communication– With communication
 • Exchange of speed information
 46
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Results
 47
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Local Graph-Based pDistributed Control for
 S f Hi h Pl t i Safe Highway Platooning
 48
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Motivation
 • Since the 90’s with the PATH project, t t d hi h d l t iautomated highways and platooning
 techniques have evolved.• Platooning consists of:
 – Driving close at the same speed densityd diff– It improves traffic accommodation
 – It improves safety
 speed differenceaerodynamics
 – It improves energy consumption• We need to be able to maintain formations
 of cars.49
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Practical Example: PlatooningPlatooning
 • Simplest distributed problem• Possible to be fully scalable• Does not need infrastructure changes
 • A few projects:• A few projects:– Sartre with VOLVO
 (2009-2012)(2009-2012)http://www.sartre-project.eu
 – AutoNet 2030 (2013-2015)AutoNet 2030 (2013 2015)with VOLVO, Fiat, EPFL, TU Dresden, ICCS, Hitachi, ARMINES, BaseLabs and Broadbit 50
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Graph Theoryp y
 • Graph:• Vertex Set:
 • Edge Set:
 Incidence Matrix
 51
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Graph Theoryp y
 • Graph:• Vertex Set:
 • Edge Set:
 Laplacian Matrix
 52
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Consensus
 • In a network of connected agents (connected graph), the goal is to make all ( g p ), gagents agree on their state.
 • Each node is given a state xi the goal is toEach node is given a state xi, the goal is to make x1 = x2 = … = xN as time tends to infinityinfinity.
 • One way to solve the consensus problem is to use the Laplacian feedback control:is to use the Laplacian feedback control:
 53
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Consensus
 • Control of holonomic robots in 2D space.p
 54
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Car Model• Let’s go back to our platooning issue.• Simple car model (bicycle model):• Simple car model (bicycle model):
 55
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From Coordinates to Control Variables
 • Let’s assume we now have to control a single vehicle with the holonomic control variables:vehicle with the holonomic control variables: – We need to transform to .
 • We create from this displacement vector a goal• We create from this displacement vector a goal point and goal line.
 Assumption:
 • Direction is known• Speed is knownSpeed is known
 56
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Control Law• Let’s use the following control law:
 –
 Linderoth et al.lateral controller
 Reaches the goal line
 Reaches the goal point
 In fact, if vG is not known it can be estimated with an integral part
 57
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Vehicular Consensus• It turns out that the system presented is BIBO stable and
 converges to the goal point.• It means that we can connect vehicles together in any way
 while still preserving the stability.
 • This is regarded as string stability. D. Swaroop and J. Hedrick. String stability of interconnected systems. IEEE Trans. on Automatic Control, 41(3):349–357, 1996.
 58
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Back to Graph Theory• We can also connect them with the Laplacian
 feedback control.feedback control.
 59

Page 60
						

Handling Collisions• Remember that • Positive weights will attract vehicles together.os ve we g s w a ac ve c es oge e .• Negative weights will create a repulsion mechanism.
 +-
 If th b d f t th lli i i f th• If the body of a car enters the collision region of another car, the edge linking these cars become repulsive
 60
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Extensive CAS test
 61
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Realistic Simulations• 4 sets of experiments of 100 runs each.
 – 3 sets where the range and bearing of– 3 sets where the range and bearing of neighboring vehicles is artificially fed with different noise ratio.• range ± {0, 2, 4} [m]• bearing ± {0, 0.2, 0.4} [rad]
 – 1 set with simulated lidars and PF tracking.
 62
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Experiments results
 63

Page 64
						

Conclusions
 64

Page 65
						

Conclusions
 • ITS: Safety and traffic fluidity issues• Many similarities between intelligentMany similarities between intelligent
 vehicles and mobile robots, but some important differencesimportant differences
 • Efforts at different levels:I t lli / t f i di id l– Intelligence / autonomy of individual cars
 – Cooperation between cars with distributed intelligenceintelligence
 – Simulation tools for easier transfer to reality 65
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Additional Literature – Week 14• M. Montemerlo et al., “Junior: The Stanford entry in the urban challenge”. Journal of Field Robotics,
 25(9): 569–597, 2008. • Gowal S., Zhang Y., and Martinoli A., “A Realistic Simulator for the Design and Evaluation of
 Intelligent Vehicles”. Proc. of the 2010 IEEE Int. Conf. on Intelligent Transportation Systems, September 2010, Madeira Island, Portugal, pp. 1039-1044.
 • Gowal S., Falconi R., and Martinoli A., “Local Graph-based Distributed Control for Safe Highway Platooning”. Proc. of the 2010 IEEE/RSJ Int. Conf. on Intelligent Robots and Systems, October 2010, Taipei, Taiwan, pp. 6070-6076.
 • R. N. Jazar, “Steering Dynamics,” in Vehicle Dynamics: Theory and Application, Springer US, 2008, pp. 379–382. M Li d h K S l d R M "N li l l l f h l i• M. Linderoth, K. Soltesz, and R. Murray, "Nonlinear lateral control strategy for nonholonomicvehicles", In American Control Conference, pp. 3219–3224, 2008.
 • D. Swaroop and J. Hedrick, "String stability of interconnected systems", IEEE Trans. on Automatic Control, 41(3):349–357, 1996.
 • H. P. Moravec, “Sensor Fusion in Certainty Grids for Mobile Robots,” AI Magazine, vol. 9, no. 2, p. 61 Jun 198861, Jun. 1988.
 • Helbing, Dirk, et al. "Micro-and macro-simulation of freeway traffic." Mathematical and computer modelling 35.5 (2002): 517-547.
 • A. Kesting, M. Treiber, and D. Helbing, “General Lane-Changing Model MOBIL for Car-Following Models,” Transportation Research Record: Journal of the Transportation Research Board, vol. 1999, no -1 pp 86–94 Jan 2007no. -1, pp. 86 94, Jan. 2007.
 66
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Course Conclusion
 67
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Take Home Messages
 • Distributed Intelligent Systems (DISs) show natural and artificial (virtual or real) formsartificial (virtual or real) forms
 • Artificial and natural DISs differ quite a bit in their physical substrate and algorithms/design solutionsphysical substrate and algorithms/design solutions proposed for natural systems can often be applied in a straightforward way in virtual scenarios but with more
 i th l ldcare in the real world• Various model-based and data-driven (machine-learning)
 methods have been presented in the course for analysismethods have been presented in the course for analysis and synthesis of DISs
 • Formal methods for DISs are still in their infancy
 68
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Take Home Messages• Local interaction mechanisms insure system scalability;
 individual simplicity often implies additional robustness at the cost of a reduced efficiency
 • Self-organization is a key, scalable coordination mechanism based on local interactions
 • Self-assembly is a form of self-organization focusing on i lspatial patterns
 • The definition of self-organization in natural systems is ll t bli h d i tifi i l t ( l iti iwell-established, in artificial systems (exploiting massive
 amount of discrete information) is an open question • Swarm Intelligence is one form of distributed• Swarm Intelligence is one form of distributed
 intelligence relying on self-organization69

Page 70
						

Take Home Messages• Stigmergy, environmental templates and further local
 capabilities (e.g., intelligence, explicit communication, localization) can be used to enhance the collective performance
 • Further coordination mechanisms exploiting longer• Further coordination mechanisms exploiting longer range, explicit communication, and points of centralization can be competitive at the cost of a higher p gnode complexity
 • Volume/mass/cost of single nodes determine available S&A i ti t tienergy, S&A accuracy, communication, computation,
 and mobility capabilities, etc. and software/hardware choices must be well matched to obtain competitive psystems
 70
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The end:Thanks for your attention
 th h l !over the whole course!
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