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CHAPTER 16:

Reinforcement
Learning




Game-playing: Sequence of moves to win a game
Robot in a maze: Sequence of actions to find a goal

has a in an , takes an
and sometimes receives and the state
changes
Credit-assignment ENVIRONMENT
Learn a
Reward

State @ Action

Lecture Notes for E Alpaydin 2004 Introduction to Machine Learning © The MIT Press (V1.1)



Among K levers, choose Gop | @ Leverl
the one that pays best machine

' L 2
((a): value of action a \. ever

Reward is r,
Set Q(a) =r, ¢ —@) Leverk
Choose a’ if

Q(a’)=max, Q(a)

reward

Rewards stochastic (keep an expected reward):

Qala) < Qla)+nlr.(a)-Q (a)]
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s, : State of agent at time t
a,; Action taken at time t

In s, action a, is taken, clock ticks and reward r,,, is
received and state changes to s,,,

Next state prob: P (s, | s;, a,)

Reward prob: p (r., | s;, a;)

Initial state(s), goal state(s)

Episode (trial) of actions from initial state to goal
(Sutton and Barto, 1998; Kaelbling et al., 1996)
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Policy, n: S—> A aq,
Value of a policy, V (
Finite-horizon:

T
Vn(St): E[rl‘+1 +rt+2 + .“+rt+T]: E Zr
Infinite horizon:
vﬁ(St):E[rHl+7/rt+2+7/2rt+3+“] |:Z7/ t+1:|

0 <y <1is the discount rate

n(s,)

v”
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V'(s,)=max V"(s,) Vs,

= max E ZVH’?H}
| i=1

N i-1
— maXE rt+1 +yzy rt+i+1:|
B i=1

= IMax E_rt+1 T 'YV (St+1 )]

V* (St) = IIICI?X[E[VHI] T YZ P(St+1 | Stfat)v* (St+1 )j

St+1

V'(s,)=maxQ’(s,,a,) Valueofa, ins,
a

Q* (St’at) = E[rt+1]+ VZ P(St+1 | St,at)IIc}fllX Q (St+1!at+1)

St+1
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Environment, P (s, | s;, a;), p (rq | S;, a;), is known
There is no need for exploration
Can be solved using dynamic programming

Solve for
vV (St) = I%?X(E[rnl]"' VZ P(St+1 | Stslty )V (St+1 )j
Optimal policy

a;

n*(s,)=arg maXKE o 1sa ]+ 72 Pls,y Is,a V(s ))

St+1
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Initialize V' (s) to arbitrary values
Repeat
For all s &
For all a € A
Q(s,a) — Elr|s,a] +~ Z P(s]s, a)V (s)

!
& Eg‘"}

V(s) + maxq Q(s, a)
Until V (s) converge
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Initialize a policy = arbitrarily
Repeat
T — 7'
Compute the values using =« by
solving the linear equations
V7T (s) = E[r|ls,m(s)] 4+~ nges P(s'|s,m(s))V7T(s")
Improve the policy at each state
7' (s) «— arg maxq (FE|r|s,a] +~ Zsfes P(s"|s,a)V7(s"))
until = = #’
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Environment, P (s, | s;, a;), p (ryq | S, a;), iS not
known; model-free learning

There is need for exploration to sample from
P(St+1 | Stl at) and p (rt+1 | St! at)

Use the reward received in the next time step to
update the value of current state (action)

The between the value of the
current action and the value discounted from the
next state
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e-greedy: With pr ¢,choose one action at random
uniformly; and choose the best action with pr 1-¢

Probabilistic: expO(s.a
Plals)=— pQls.a)
> expQ(s,b)
Move smoothly from exploration/exploitation.
Decrease ¢

Annealing Plals)= EXP[Q(S,Q)/T]
> explQ(s,b)/T]
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Q*(Stfat) = E[rt+1]+ YZP(St+1 | Stlat)ngflx Q (St+11at+1)

St+1

Deterministic: single possible reward and next state

Q(St’at) = rt+1 + 'YmaX Q(St+17at+1)

t+1

used as an update rule (backup)

Q(St 4 at ) < rt+1 + Y Hc}aX Q(SHI ) at+1 )

t+1

Starting at zero, Q values increase, never decrease
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oo |

I v=0.9

1481 ||

a 7
A

Consider the value of action marked by “*’:
If path A is seen first, Q(*)=0.9*max(0,81)=73
Then B is seen, Q(*)=0.9*max(100,81)=90

Or,
If path B is seen first, Q(*)=0.9*max(100,0)=90
Then A is seen, Q(*)=0.9*max(100,81)=90

Q values increase but never decrease
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When next states and rewards are nondeterministic
(there is an opponent or randomness in the

environment), we keep averages (expected values)
instead as assignments

Q-learning (Watkins and Dayan, 1992):

Q5,1 < Qlssa) {1 +7max s, a.,)-Ols, )

t+1

Off-policy vs on-policy (Sarsa) <P

Learning V (TD-learning: Sutton, 1988)
V(St) <~ V(St ) T ﬂ(”m + YV(SHI ) ~ V(St ))
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Initialize all Q(s,a) arbitrarily
For all episodes

Initalize s

Repeat

Update Q(s,a):

Choose a using policy derived from @, e.d., e-greedy
Take action a, observe r and s’
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Q(s,a) «— Q(s,a) +n(r + vmax, Q(s",a")|— Q(s,a))
s «— g
Until s is terminal state
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Initialize all Q(s,a) arbitrarily
For all episodes
Initalize s

Repeat
Take action a, observe r an

d s’

Choose a using policy derived from @, e.d., e-greedy

Choose a’ using policy derived from Q, e.9., e-greedy

Update Q(s,a):

Q(s,a) — Q(s,a) +n(r+~

Qs a')

s— s, a—a

Until s is terminal state

~Q(s,a))
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Keep a record of previously visited states (actions)
1 it s=s,and a=aq,

€, (S,a) = .
yre,_ (s,a) otherwise

0, =V, + VQ(St+11at+1)_ Q(St’at) )
Qls,,a.) < Q(s,a,)+nde (s,a),vs,a :

a a3 a0 s i) o il uc oo
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Initialize all (s, a) arbitrarily, e(s,a) — 0,%s, a
For all episodes
Initalize s
Choose a using policy derived from @, e.d., e-greedy
Repeat
Take action a, observe r and &
Choose a’ using policy derived from @, e.g., e-greedy
b —r+vQ(s",a") —Q(s.a)
e(s,a) — 1
For all s.a:
Q(s.a) — Q(s,a)+ nde(s,a)
e(s,a) «— yAe(s, a)
!

Q<—C:__

e a

Until s is terminal state

a+— a'
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Tabular: Q (s, a) or V(s) stored in a table
Regressor: Use a learner to estimate Q (s, a) or V (s)

Et(g) = [rt+1 T VQ(Sm’am)_ Q(Suat )]2

A0 =1, +vQ(S.1,a1) - Qls,a, )V, Qs a,)
Eligibility

AO =no,e,

O =V + yQ(St+1’at+1)_ Q(St’at)

e =yhe_, +V, Q(s,,a,)with e, all zeros
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The agent does not know its state but receives an
observation p(o¢+1|St, a;) which can be used to infer

a belief about states
Partially observable
MDP

ENVIRONMENT

State

Reward
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