E160 — Lecture 12
Autonomous Robot Navigation

Instructor: Chris Clark
Semester: Spring 2018

Figures courtesy of Probabilistic Robotics (Thrun et. Al.)
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= |ntroduction to SLAM
= | andmark based SLAM
* Occupancy Grid based SLAM



= Mapping Problem

» Determine the state of the environment given a
known robot state.

= | ocalization Problem

= Determine the state of a robot given a known
environment state.

» SLAM - Simultaneous Localization and Mapping

» Simultaneously determine the state of a robot and
state of the environment.



» Full SLAM

= Estimates entire path of robot and across all time.

p(xlzt ,» M | Zl:t > Z/llzt)

= On Line SLAM

= Estimates current pose of the robot and map.
* [ntegrations typically done one at a time
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* |ntroduction to SLAM
» _Landmark based SLAM
* Occupancy Grid based SLAM



= _andmark based SLAM

= Features

= Observable parts or characteristics of objects in the
environment.

= E.g. corners, colors, walls, etc.

» Landmarks
= Static and easily recognizable features.
» E.g. Orange cones



= _andmark based SLAM

Vehicle-Feature Relative
Observation

= Given:
= The robot’ s odometry u

» Observations of nearby
features z

= Estimate:
= Robot States x
= Landmark States M

Mobile Vehicle

Global Reference Frame



EKF SLAM

= To start, lets recall our EKF
Localization...



EKF Localization

* |[n our example, the state vector to be
estimated, x, was a 3x1 vector

e.g. x|
X=1y
0
= Associated Covariancé P
Oy Oy Oy
P=o, 0, 04

Opx Ogy Opo




EKF Localization

Prediction

I x" =f(Xe,0,)

2. P ’t =K, .1 P.; Fx,t-IT tF,, QtFu,tT
Correction

3. Zipy,, = h(x' [, M)

4. v,=1z,- Zoxp,t

S. XNy = Hix',t P ’tHix ’,tT + R/,

6. K,=P ’t Hx',tT(ZIN,t )1

7. x,=x ,+K,v,

8. P,=P ’t - K, 2IN,t KtT



EKF SLAM

= |n SLAM, the state vector to be estimated

— P

X




EKF SLAM

= The covariance Matrix P

P:



Landmark Based Example

Robot path error correlates errors in the map



Landmark Based Example

Robot path error correlates errors in the map



Landmark Based Example

Robot path error correlates errors in the map



Landmark Based Example

-
~~

Robot path error correlates errors in the map



o — Robot pose __— o

uncertainty

= The matching between observations and landmarks is unknown
» Wrong data associations can have catastrophic consequences



EKF SLAM

Prediction

1. X’t =f(X.1, u,)

2. P ’t =K, 1Py Fx,t.zT +F,, QtFu,tT
Correction

3. Ziexp,t - hl( X ’l‘)

4. V= Z; - Zexp,t

5. ZIN,I — Hix’,t P ’tHix’,tT + th

6. K,=P ’t Hx',tT(ZIN,t )7

7. Xt:X’t+KtVt

3. P,=P ’t - K, ZIN,t KtT



Prediction Step

= | ocalization Motion model

x| [4s,cos,., +46,/2 )
X' =f(Xep . W) = Yo | As;sin(@,; +46,/2)
Qt-] Aet




Prediction Step

Xe]

= SLAM Motion Model

_|_

s, cos(0,., +40,/2)
As, sin(0,; +40,/2)
A0,
0




Prediction Step

= Covariance
= Recall, we linearize the motion model fto obtain

- T T
P t Fx,t—l Pt—IFx,t-l + Fu,t Qt Fu,t

where
Q; = Motion Error Covariance Matrix
F. .1 = Derivative of f with respect to state X,

F, . = Derivative of f with respect to control u,



Prediction Step

= Covariance

e T
P t Fx,t-l Pt—IFx,t-lT + Fu,t QtFu,t



Predi

= Covariance

Fx, t-1

ction Step

— dxydx,; dx/dy,; dx/d0,, dx/dxg;., ...
dyydx,; dy/dy,, dy/dO,, dy/dx;,.,; ..
dbydx,, dO/dy,, dbo/d6,, db/dxg,; ...
dxp/dx.; dxg/dy.; dx;/d0.; dxg/dxg,.; ...
dyp/dx.; Ayp/dy.; dyp/do. dyp/dxg,; ...

dypddx.; dyp/dy.; dyp/do,; dypddxp.,...

dx/dy e
dy/dy ..
dO/dy i
dx 11 /dy 'INt-1
dy 11 /dy INE-1

dy ﬁv/ dy 'INt-1



Prediction Step

= Covariance
P ’t =F x,t-1 P, K x,t—IT + Fu,t QtFu,tT

Q = |klds, | 0
0  kl|ds;,|

F,, ={ df/ds,, df/dAsl,t}



= Covariance

Prediction Step

' dx/dds,, dx/dAs),

dy/dAs,, dy/dA4s,,
d0y/dAs,, dO/dAs,,
dxﬂ/dASr,t dxﬂ/dASl,t
dyuydAs,, dyg/dAs,

dyw/dAs,, dyp/dAs,




EKF SLAM

Prediction

L x",=f(Xeq, uy)

2. P ’t =Fyr1Pr Fx,t—IT +F,, QtFu,tT
Correction

3. Z,,, = h(x',)

b V=2 Zpyp,

5 ZiIN,t — Hix',tP ’t Hix ,’tT + Rit

6. x,=x ,+K,v,

7. P,=P ’t - K, ZIN,t KtT

3. K,=P ’t Hx',tT(ZIN,t )!



Correction Step

= Measurement of ith landmark

A [x’ﬁy’ﬁ]

Zit - aif pi //
P )/
Y ///OCZ
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Correction Step

I

a exp,t
]

p exp,t

= h(x'y)

= | atan2(yz-y’, X5-X';) — 0’1}
(p-y'0)? T(x5-x")7 )"



Correction Step

= |nnovation calculation

— I I
o at_aexp,t

[ [
PP exp,t



Correction Step

= |nnovation covariance calculation
Xy = Hyo P gy H'," + R/

where

R!, = Feature Measurement Error Covariance Matrix

Hl

.« = Derivative of h with respect to state X



Correction Step

= |nnovation covariance calculation
Xy = Hiyr (P g H, ' + R

Hix’,t — daiexp,t /dx ’t daiexp,t /dy ’l daiexp,t /d& ’f daiexp,t /dx ’f]l‘ cee daiexp’t /dy ’th

dpiexp,t/dx ’t dpiexp,t/dy ’t dpiexp,t/de ’t dpiexp,l /dx ’f]Z dpiexp,t/dy ’th



Correction Step

= |nnovation covariance calculation
YN, = Hy P 't H. "+ R,

i = | 42
R/, g, 0

i 2
0 o,




Correction Step

= For N landmarks ...
z,=|z!, 7% ... V|7

— [71 2 N T
Zexp,t_ [Z exp,t Z exp,t * - Z exp,t]



Correction Step

= For N features...



Correction Step

= For N features ...




Correction Step

= For N features ...

ZIN,t = Hx’,t P, Hx’,tT +R,



EKF SLAM

Prediction

o ¢ =J(Xer o Uy)

P t Fx,t—l Pt—l Fx,t-IT + Fu,t QtFu tT

= h(x",)

- Z

exp,

HPH’

TR
+ R,

K,= P’ ¢ H, .t (ZIN,t )-1

b 4
X, =x ,+K,v,

1.

2.
Correction
3. Ziexp,t
4. v,=1,
5. Xy =
6.

7.

8. P,=P’,

-K; Zpv K



EKF SLAM



= |ntroduction to SLAM
= | andmark based SLAM
= Occupancy Grid based SLAM



FastSLAM for Occupancy Grids



