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1 Definitions

As usual, for a set U, M (U) stands for the set of all probability measures (or, probability distributions)
over U. Let U be finite. Then any such probability measure P € M;(U) is just a map from all possible
subsets of U to [0, 1]. In this case P is also uniquely identified with the probabilities it assigns to singletons
of U and we, in fact, let p denote the corresponding map, which does map U to [0, 1]. The connection is
that for any u € U, p(u) = P({u}). We call p the probability mass function (pmf) underlying P. Since
pmfs and probability measures have a one-to-one correspondence, oftentimes we use pmfs instead of
probability measures and will abuse the notation by writing p € M (U), where p is a pmf. If we have a
map f : U — My (V) for finite sets U and V, we further abuse the notation by writing f(v|u) instead of
(f(u))(v). (Most notably, we do this for the transition dynamics function p and the policy 7.)

Definition 1.1 (Finite MDP). A finite MDP is given by the tuple M = (S, .A, R, p), where S is the finite
state space, A is the finite action space, R is the finite set of possible rewards, and p : Sx A — M;(R xS)
is the transition dynamics function. In particular, p(r/, s’|s, a) is the probability of seeing reward 7’ € R
and next state s’ € S given that action a € A is taken in state s € S.!

Definition 1.2 (Histories and policies). For ¢ > 0, the set of ¢-step histories is defined recursively as
follows: Ho = Sand fort > 1, H; = Hi—1 X AX R x S. A policy of a finite MDP M = (S, A, R, p) is
7w = (m¢)e>0, Where m : Hy — M (\A) is the map used at time ¢. In words, for h € Hy, a € A, m¢(alh) is
the probability that action a is taken when the history is & at time ¢. Fort > 1 welet H, S=H, | xAXR
(“missing the last state), and for ¢ > 0 we let H;" A—H,x A (“appending an action”).

Definition 1.3 (Memoryless policy). If 7 is a policy such that for all £ > 0, 7; only depends on the last
state in the history, then 7 is called a memoryless policy. For such policies, one only needs to specify
7o : S = M;i(A), as opposed to the sequence (7¢)>0. And so by abusing language, any map from states
to distributions over actions will be treated as a memoryless policy.

Definition 1.4 (Probability measures induced by using a policy in an MDP). Fix a finite MDP
M = (S, A, R,p),apolicy 7 of this MDP, and a distribution ;2 € M7 (S). Then, the probability measure—
induced by using 7 in M and p as the initial state distribution—is a probability distribution P over some
sample space 2, such that there are random variables Sy, S1,... : Q@ — S, Ag, A1,... : Q@ — A,
and Ry, Ro,... : © — R, for which the following holds for every ¢ > 0 and every history



ht = (SO>QO7T17817G17 v 7at—17rt)8t) € Ht:

P(Hy = ht) = p(s0) - mo(aolso) - p(r1, s1]s0, ao)

-m1(a1|s0, ao, 71, 51) - p(r2, 52/51, A1)

- mp—1(ae—1/50, @0, - - -, St—1) - p(Tt, St|Se—1, ar—1) -

When the dependence of IP on 4 and 7 is important, we write IP;, - to signify this dependence. To simplify
notation, we also use IP, P, and [P, when one, or both of these objects are clear from the context.

A reasonable question to ask is whether the above definition is even a correct one? Does a distribution
P (and a corresponding sample space {2) with the above properties exist? The answer is yes and it is
the Kolmogorov’s extension theorem which guarantees this. The next question is whether IP and §2 are
uniquely defined? Or are there distinct probability measures, P and P’ (and corresponding sample spaces),
that satisfy the above definition? The answer is that P and €2 are not uniquely defined. Once we have a
pair (2, ) that satisfies the above definition, we can always construct some P’ and 2’ such that P’ and
will also satisfy the definition with appropriate sequences of random variables, S, S1, ..., Ay, A], ...
and R}, R, ..., over Q' (for instance, consider Q' = Q x {1}). However, that (£2,P) are not uniquely
defined does not matter, as in every calculation involving PP (e.g., definition of value functions), only the

properties of P mentioned in Definition 1.4 will be used.

Proposition 1.5. The stochastic process Sy, Ao, R1,S51, A1, Ra, Sa, Ao, ... under the the probability
distribution P, . satisfies the Markov property, regardless of the choice of |1 and .

We will also use [, . to denote the expectation underlying PP, . When p is clear from the context,
we also use just E, etc.
Some important properties of P, . are given as follows.

Proposition 1.6. The probability measure P := P, ;. satisfies the following properties: For any t > 0,
ht = (80,a0,71, 81,01, --,7t,8¢t) € He, 7' € R, and s’ € S, it holds that

P(So = s0) = p(s0) , (D
P(At = at\Ht = ht) = Wt(at’ht) s (2)
P(Riy1 =1/, Si41 = ' Hy = hy, Ay = ap) = p(r', | s, a4) - 3)

Further, if some probability measure P satisfies the above properties then it also satisfies the properties
used in Definition 1.4.

Note that Equation (3), given above, is what we recognize as the Markov property.

The following proposition will be useful in the future. This proposition will allow us to use the same
sequence of random variables to denote states, actions, and rewards regardless of the initial distribution or
the policy used.

Proposition 1.7 (Single sample space). There exist a sample space () and random variables Sy, S1, . . . :
Q= S, Ag,A1,...: Q= A and R1, Rs, ... : Q — R such that for any policy © and initial state
distribution p € M (S), there exists a probability measure Py, » € M1(Q) that satisfies Definition 1.4.
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2 Value functions

We will use the expected total discounted reward as the criterion to evaluate policies. Let 0 < v < 1 be
the discount factor used.

Definition 2.1 (Value function of a policy). Fix an arbitrary policy 7. The value function v, : S — R of
m is defined by

Z Y Ryt

t>0

vr(s) = Es, » , ses8, 4

where 65 € M (S) is the “Dirac” probability measure on S with a point-mass at s. In particular, if we
take 0 to be the pmf of this measure then

0s(s) ={s=4s"}, foralls €S.

In words, v (s) is the expected total discounted reward incurred by the agent when it follows policy 7
from state s.

Is v (s) well-defined? Since we are in a finite MDP, the infinite sum (also known as the return)
> 507 Ry 1 is well-defined: Indeed, defining

n
fn = Z 'Yth-i-l )
t=0
we can reason that f, is a convergent sequence of functions; one can use the Cauchy criterion to show this.
Thus, the sequence of functions (f;,),, converges to some function f, which we denote by Y~ 7' Ri11-
That the expectation of f exists follows from Lebesgue’s dominated convergence theorem. To use this
theorem, we need to show that there exists a function g : 2 — R such that | f,,| < g for all n > 0, and
that Es_ [g] exists. Indeed, g = 7max/(1 — 7) can be shown to be such a function where

Tmax = max{|r| : r € R}.
Therefore, Lebesgue’s dominated convergence theorem guarantees that Es_ [ f] exists and

lim E(Ssjr[fn] — Eds,w[.ﬂ .

n—oo

Note that here

E§S,W[fn] = ]Eés,ﬂ' [Z ’tht+1‘| = Z’Yt E(SS,W [Rt-i-l] )
t=0 t=0

where the last equality follows from the linearity of expectation (which can be used because Es_  [R;41]
is well-defined). It then follows from the above argument that

n

vr(s) = lim nyt Es, x [Rit1] -

n—00
t=0


https://personal.math.ubc.ca/~cass/courses/m220-00/cauchy.pdf
 https://en.wikipedia.org/wiki/Dominated_convergence_theorem 

Again, following the standard convention, the limit on the right-hand side is denoted by
S 207 Es, » [Re+1]. Hence,

Ur(s) = V' B, x [Res1] - (5)
t=0

Note that this could also be used as the definition of v (s) (this expression differs from the definition of
vy in the sense that here the infinite sum is moved outside of the expectation). In fact, if we started with
this definition, we would have spared the need for using Lebesgue’s dominated convergence theorem to
argue that v, is well-defined (why?).

Definition 2.2 (Immediate reward function). Given a finite MDP M, the immediate reward function
r:S x A— R of M is defined using?

r(s,a) = Z rp(r',§]s,a).

r'eR,s'€S
Sometimes the following is convenient:

Proposition 2.3. For any policy T,

vr(s) = Es, » [Z’yt (S, At)]

t>0

= ZVt Es,x [r(St, Ar)] seS.
t>0

Proof. From Equation (5), we have

vr(s) = Z’Yt Es, x [Rig1] -
t=0

Now, by the property of conditional expectations,’

Es,n [Riv1] = Y. Esox[Rig1 | Se =54 =a]Ps, -(Si=s,A =a).
s€S,acA

Further, recall that for fixed (s,a) € S x A,

E(SS,W [Rt+1 | St = S,At = a] = Z T’/ . P§S,W(Rt+1 = T/ ‘ St = S,At = a).
r"eR

Let (s, a) be such that Ps, (S, = s, A; = a) > 0. Hence, if we prove that

Pés,W(Rt-i-l - 7,/ ’ St == SaAt == a) = Z p(TI,SI|S,CL) ) (6)
s'eS

it follows that

Es, x [Ri+1 | St = s, Ay = a] = 1(s,a),



and thus,

Es, » [Ri+1] = ZT(S, a) - Ps, »(S; = s, Ar = a) = Es, » [r(St, A¢)] -

s,a
It remains to show that Equation (6) holds. For this, recalling that P5_ (S; = s, As = a) > 0, we get
P(SS,W(Rt+1 = T‘/ | St = S,At = CL)
B ZhE’Ht_S,S’ES P657W(Rt+1 = ’I“/, St+1 = S/, St = S,At = (I,H;S = h)
N IP’(;M(St =S, At = a) ’

where we define Ht_s = (S0, Ao, R1, 51, A1, R, S, ..., A1, Rt). Let’s calculate the numerator:

Z P557F(Rt+1 = ’l“,, St+1 = 8/, St = S,At =a, H;S = h)

heH; S s'eS
= Z (PéSJr(RtJrl = 7"/, StJrl = S,‘St = S,At = a, H;S = h)
heH; S s'eS
X Py, x(Sy =8, Ay =a,H® = h))
= Z p(r',s'|s,a) - Ps, (St = s, Ay = a, Ht_s =h) (by Equation (3))
heH; S s'eS
= ( Z Ps, (S = s, Ay = a, H; © = h)) ( Z p(r’, s’s,a))
heH; s'eS
=Ps, (St =s,4=a) > p(r',5|s,a). (by the law of total probability)

s'eS

Plugging this back in, we get

PJS,W(Rt-i-l = T/ ’ St = S, At = CL)

_ PMZS/Esp(T/,S/|S,a) _ Z (. 5']s,a)

P,z (Se==s7A7=a) Jes

3 Bellman equation for policy evaluation

Define
p(s'|s,a) = Z p(r',8'|s,a).
r"eR

Proposition 3.1 (Bellman equation for policy evaluation). Let 7 : S — M (.A) be a memoryless policy.
Then, the following holds:

acA s'eS

va(s) = Y_ m(als) (T(Sva) +7) p(S'ISaa)vw(S')) : )



Proof. Fix m, the sample space (), and the stochastic process Sy, Ag, R1, 51, A1,... on it from
Proposition 1.7. Further, for all s € S, let P5, » € M;(Q2) be the probability measure from the
same proposition.

Fix t > 1 and (sq, ag, ..., 5t,a¢) € (S x A)*1. Assume that Ps,,x (Ao = ag, S1 = s1) > 0. We
claim that the following holds:

Ps,, n(S1=s1,41=0a1,5 =s2, A2 =az,..., Si=s;, Ar=a|A=ao,5S =s1)
=Ps,, #(S0 = 81,40 = a1,51 = 52, A1 = ag,..., Sp—1 = s, Ar-1 = ) - (®)
In other words, under the memoryless policy 7, “the state-action distribution from timestep t = 1
conditioned on starting from state sg, choosing action ag, and then arriving at state s;” is the same as “the
state-action distribution from timestep ¢ = 0 starting from state s;”. We leave the proof of Equation (18)

for later and continue with the proof of Equation (7).
From Proposition 2.3 we have

vr(s0) = Y 7' Eg, o [1(S1, Ar)]

>0

= B, [r(So, A0)] +7 > 7' B x [r(Se, Ar)] - ©)

t>1

On one hand, a simple calculation shows (why?) that

Es,, x[r(So, Ao)] = Y m(ao|so) - r(s0, ao) - 10
ap€A
On the other hand, for ¢ > 1 we have
Eésgﬂ [T‘(St,At)] = Z ]P)(SSOJT(St = S¢, At = at) . r(st,at) . (11)

St ES,at cA

Further,

IP(SSO,W(St =51, Ar = wp)
= Y Ps, .7 (St = st Av = ay | Ag = ao, S1 = s1) - P, =(Ao = ao, S1 = s1)

ap€A,s1€S
= Y Ps, (S =s, A =ai | Ao = ao, 51 = s1) - w(ao|so) - p(s1]s0, ao) - (12)
ap€A,s1€S
From Equation (18), summing both sides over the variables s;,aq, ..., s;—1,a;—1, it follows that
]P)(Sso,w(st = st, At = ar | Ao = ap, 51 =s1) = Pssl,w(st—l =st, A1 = ).

Combining with Equation (12), we have

Ps,n(St = st Av = ar) = > Ps, 7(St—1 = s, At—1 = ar) - m(ao|so) - p(s1]s0, ao),
ap€A,s1ES



and from Equation (11) we get that

Es, o« [r(Se Al = > wlaolso) - p(silso,a0) Y Ps, «(Si—1 = s, A1 = ag) - (51, ar)

ap€A,s1€S st€S,at€A
= Y w(aoglso) - p(s1ls0, a0) - Es, «[r(Se-1, Ar-1)].
ap€A,81ES

Combining this with Equations (9) and (10), we get

ve(so) = D wlaolso)r(so,a0) +v Y 7" D wlaolso)p(silso, a0)Es,, [r(Si—1, Ar-1)]

ap€EA t>1 ap€A,s1E€ES

= 3" wlaolso) | r(s0,a0) +v 3 plsilso, a0) S AT Es,, Al (Sio1, A1) |

ap€EA s1E€S t>1

=vx(s1)

where the swapping of the sums is justified because there are finitely many states and actions (why does
this justify swapping of the sums?).

Finally, it remains to prove Equation (18). To prove this, we just expand the definitions on the two
sides and match the terms to notice that the equality does hold. In particular, the expression on the left
hand side of Equation (18) is

Ps.,x(S1 = 151,41 =a1,8 = s2, A2 = as, ..., S¢ = st, Ay = ar | Ao = ap, S1 = 1)
P, n(Ao = a0, S1 =51, A1 = a1,5 = s, Ar = ag, ..., St = s, Ay = ay)
Ps., = (Ao = ao, S1 = s1)

Further, one can show that the numerator of this expression is (why?)

Ps,, (Ao = ao, S1 = s1, A1 = a1, 52 = 52, Ay = ag, ..., St = s, Ay = ay)

= 7(aolso)p(s1]so, ao)m(a1|s1)p(sals1, a1) -~ p(selsi—1, ar—1)m(arlse)
while
P5SO,7T(A0 = ap, S1 = s1) = m(ap|so)p(s1]s0, ao)-
Thus,
Pésoﬂr(Sl =s1,41 =a1,5 = s2,Aa = ag, ..., S = sy, Ay = ay | Ag = ag, S1 = s1)
= m(a1ls1)p(sals1,ar) - p(stlsi—1, ar—1)m(ar|st) -
On the other hand, for the expression on the right hand side of Equation (18), we have
Ps,, #(S0o = s1, Ao = a1, 51 = s2, A1 = ag,...,Sp—1 = s¢, A—1 = )
= m(a1]s1)p(sals1,a1) - - - p(st]st—1, ar—1)m(ar|st)

which finishes the proof of Equation (18), and thus also the proof of the statement. O



4 Action-value functions

Definition 4.1 (Probability measure induced by using a policy in an MDP starting from a state-action
distribution). Fix a finitte MDP M = (S,A,R,p), a policy m of this MDP, and a distribution
v € M;(S x A). Then, the probability distribution P—induced by using v as the initial state-action
distribution and then following 7 in M —is a probability distribution P over some sample space {2 such
that there are random variables Sp, S1,...: Q = S, Ag, 41,...: Q = A,and Ry, Ro,...: Q = R, for
which the following holds for every ¢ > 0 and h; = (S0, ag, 71, $1, a1, - - ., Qt—1,7t, St) € Hy:

P(Hy = ht) = v(s0,a0) - p(r1, 51/50, ao)

-mi(aiso, ag, 1, 51) - p(ra, s2|s1,a1)

: Wtfl(at71|507a0a ceey 51&71) 'p(Tt, St‘stfla atfl) .

When the dependence of I’ on v and 7 is important, we use IP, - to signify this dependence. To simplify
notation, we also use PP, P, and P;, when one, or both of these objects are clear from the context.

Again, Kolmogorov’s extension theorem guarantees the existence of P, .
The distribution also satisfies a proposition similar to Proposition 1.6:

Proposition 4.2. The probability measure P := P, . satisfies the following properties: For any t > 0,

ht = (80,a0,71,81,01,---,7t,5t) € He, ¥ € R, and s' € S, it holds that
P(So = s0, Ao = ap) = v(s0,a0) , (13)
P(At = CLt’Ht = ht) = Wt(at‘ht), fO}’t Z 1, (14)
P(Ryi1 =7", 81 = 8'|Hy = hy, Ay = ay) = p(r', 8 |sy, a4) . (15)

Further, if some probability measure P satisfies the above properties, then it also satisfies the properties
used in Definition 4.1.

The next proposition follows from the definition.
Proposition 4.3. For any u € M1 (S) and policy 7, if we define v € M;(S x A) to be
v(s,a) = u(s) - m(als), (s,a) e S x A,
then we can choose a sample space ) and the probability distributions P, . and P, » over ) such that
Porx=Pur.
We also have the following strengthening of Proposition 1.7:

Proposition 4.4 (Single sample space). There exist a sample space () and random variables Sy, S1, . . .
QO — S, A, A1,...: Q= A and Ry, Ro, ... : Q — R such that the following hold.:

1. for any policy m and initial state distribution i € My (S), there exists a probability measure
P € M1(Q) that satisfies Definition 1.4; and



2. for any policy 7 and initial state distribution v € M1(S x A), there exists a probability measure
P, » € M1(Q) that satisfies Definition 4.1.

The first condition in the above proposition is Proposition 1.7.
Similarly to 45, for (s,a) € S x A, we define ;5 , € M;(S x A) as follows:

0sa(sid)={s=5,a=d}.

Definition 4.5 (Action-value function of a policy). Fix an arbitrary policy m. The value function
gr : S x A — R of 7 is defined by

> ARy

t>0

q7r<$;a):E557a,7r s SES,GE.A.

In words, ¢-(s, a) is the expected total discounted reward incurred when we start at state s, use action
a for the first time step, and in the subsequent timesteps follow policy 7.
The next proposition gives the relationship between the two value functions v,; and g;.

Proposition 4.6. We have

vr(s) = Z m(als)gqr(s,a).

s,a

5 Why so complicated?

Most papers and books introduce value (and action-value) functions through conditioning. The formulae
we see look as follows:

1)71—(8) = E[Z ’Yth+1|S[) = 8] s sES.
t>0

In comparison to our definition (cf. Equation (4)) this looks nice, simple and elegant. However, careful
inspection reveals that some things are lacking. First, the left-hand side depends on 7, while the right-hand
side does not show any dependence on . What does 7 influence on the right-hand side? It must influence
the distribution of the rewards, which comes into play through E. Hence, at least E should be indexed by
«, which is indeed what happens for example in our textbook. Then, the definition looks as follows:

vr(s) =E,

Z'Yth—i-l’SO = 8] s sES. (16)

t>0

Of course, this leaves the question of what exactly [E: stands for? An expectation operator must correspond
to some probability measure. So there must be an underlying probability measure IP; defined over some
event space with some properties. What are these? If we attempt a definition of PP, we discover that we
want [P to be defined over an event space that holds the state, action and reward variables and that it
must satisfy certain properties. If we spell these out, we quickly arrive at something like Definition 1.4.
And of course there must be an initial state distribution that P, depends on (in fact, whatever P is,
u(s) =Pr(So = s), s € S, gives this distribution).



Now, back to the definition of value functions with the help of conditioning: Recall that a conditional
expectation E[-| A] for an event A C €2 is simply the expectation with respect to the probability measure
P4(-) defined by P4(B) = P(A N B)/P(A) provided that P(A) > 0. If, for example, X is a random
variable over () that takes values in the discrete set X C R,

E[X|A] = > zPa(X =2) (: Y aP(X = :U|A)> .
reX reX

However, notice that the definition does not say anything about how E[X | A] should be defined when

P(A) = 0. In fact, in this case, the value of E[X| 4] is, by convention, arbitrarily determined. That is, if

one wishes, one can use E[X |A] =2 or E[X|A] = —2.

Hence, the problem with Equation (16): For any state s € S such that P, (Sy = s) = 0, the value on
the right-hand side has an arbitrary value. This calls for trouble as we will quickly arrive at contradictions
with various arbitrarily assigned values! Of course, the astute reader may not that we should therefore be
careful so that the initial state distribution assigns a positive probability to any possible state. This will
indeed do it for this definition for finite state spaces (and something similar can be made to work even if
uncountably infinite state spaces provided we find a probability distribution that has full support over the
whole state space, which is not that trivial actually).

There are two downsides (at least) to relying on this approach of defining value functions through
conditioning: First, one needs to be still specific about the initial state distribution and second, extending
this idea to the definition of action-value functions is just a no-go. To see what the problem with this is
consider the following “definition” of the action-value function of a policy =:

gr(s,a) = E, Z’thtH]So:s,Ao:a , seS,ae A, 17
>0

which we find even in our textbook (Eq. (3.13), page 58, choosing ¢ = 0 there). The problem is
immediate once we write this down: This is only a good definition if P,(Sy = s, A9 = a) = 0.
But can we guarantee this still? The answer is, in general, no. Take a very simple case when
7 is a deterministic memoryless policy. Then, whatever the state s € S, if a # 7(s), then
P(So = 5,40 = a) = Pr(So = $)Pr(Ap = a|Sy = s) = Pr(Sy = s) - 0. Thus, Equation (17)

just cannot be used as a definition and we are forced to introduce Pg(s .y, Or at least to use P, » with a

probability measure v over S x A which is positive over all state—actior)l pairs. With this, Equation (17)
becomes a valid definition.

However, then a new problem arises. We have at least two versions of P, one used in Equation (16)
(this is P, » with 1 € M (S)) and another one used in Equation (17) (this is P, » with v € M(S x A)).
How do we know which one to use when? This is confusing to say the least. Can we perhaps just to use
P, » in Equation (16)? This again does not work. For that definition, it is important that the distribution of
actions in ¢ = 0 follow the distributions coming from the policy 7.

Another compounding issue with just using IP;, - is that when we derive the Bellman equation for v,

one needs to show that the identity

Euyﬂ-[GﬂSl = S/] = Euyﬂ-[Go|So = Sl] (18)

10



holds for any s’ € S (cf. (3.14) in the book, again choosing ¢ = 0). In fact, this identity will only make
sense if P, ~(S1 = ") > 0, but a careful inspection of the formulae shows that we do not need the identity
to hold in the opposite case (lucky). Still, under P, »(S1 = s") > 0, Equation (18) calls for a proof (which
is what we have also shown in these notes). In fact, this “stationarity” property is at the heart of Markov
Decision Processes and is thus a good practice to work out a formal proof for this.

In conclusion, we choose to avoid using conditioning as the basis of definitions as these definitions,
when properly carried out, require exactly as much preparation and notation of what we used: There is
no sparing of the discussion of the role of initial distributions in these definitions. And then, there is no
advantage of using conditioning as the definition compared to indexing, which makes this dependence
clear.

One final detail is that our textbook chose a definition of v, that emphasizes the stationarity of the
return process under a memoryless policy. Going back to the definition in the book, we see there

vr(8) = Ex[G|St = s], seS. (19)

Here, index ¢t > 0 on the right-hand side is free. The intended meaning here is probably that the right-hand
sides have the same value regardless of ¢ > 0, which is the value that we assign to the left-hand side. Of
course, that this is a correct definition (ie that the values on the right-hand side match) also calls for a proof
(in fact, Equation (18) is equivalent to this). Note that here choosing 1 cannot in general help to make
P, (Sy = s) positive. And then, with the standard math textbook definition, which, as mentioned before,
defines a conditional expectation as an arbitrary value when the conditioning even has zero probability,
we definitely run into trouble.

Finally, note that a definition like Equation (19) can only work for memoryless policies. Hence, if we
want to get an answer to the question of whether memoryless policies are all one needs, we will be out of
luck with a definition like the above.

6 Avoiding trouble

One simple way of avoiding some of the challenges we faced in the proofs is to avoid defining the return
G and rather go by defining value functions directly via the total expected discounted reward (rather than
via the expected total discounted reward):

oo

Ur(s) = Z’YtEJSJr[Rt-&-l] .
t=0
Now, there is no need to reason about the existence of Gy, the existence of the expectation of G, or
whether the infinite sum over the time steps can be moved outside of the expectation as we started with a
definition where the infinite sum is already outside of the expectation. The definition of ¢, can similarly
be just

o0
r(s,0) =D V'Es, . n[Ris1].
t=0

Of course, these definitions are equivalent to the earlier ones when the earlier definitions “work”. The
definitions with the sum outside of the expectation is perhaps less intuitive. It is a good challenge to figure
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out whether there are cases when the definition with the sum outside works, while the definition with the
sum inside the expectation does not work (the expectation does not exist).

The new definitions also invite a different approach to proving the Bellman equation for memoryless
policies:

Proposition 6.1. Let m be a memoryless policy and for t > 0, let ) (s) = Es, x[Rt41), s € S. Then,

rﬁrt) = P;i?“7r ,

where we identify a function f : S — R with the vector (f(s1),..., f(ss)) " and Py € RS> is the
matrix whose (i, j)th element is (Pr); j = > ,ca7(als:)p(s;5]si,a) and r=(s) = > ,ca7(als)r(s, a),
where S = {s1,...,ss} and |S| = S.

In the proposition P! means the ¢-fold product of P, with itself. In words, 7“7(5) gives the vector

of expected rewards after following 7 in the MDP for ¢ transitions for the various initial states (and in
particular, r&o) = rr). The proposition can be proved by inductionon¢ =0,1,2,....
Based on this proposition, the proof of the Bellman equation for 7 is immediate. First, note that v is

well-defined. For ||r|| = maxses |r(s)|, note that ||r7(rt) | < rmax. By the triangle inequality, for s > 0,

I A O <3 A IO < rmaxy®/(1=7) = 0 as s — oo,
t>s t>s

hence, Y~;~¢ ~tr)

Ur = Zth(rt) = Z'thférﬂ =rz+ 'VPWZVtPfrTﬂ =Tr “"YPWZ’YtTgrt) =1 +YPrvr.
t>0 t>0 t>0 t>0

is convergent. It then follows that

Calculating with vectors and matrices are not only useful for very clean proofs, but they are also useful
for computation. In particular, from the above, we see that

(I —yPr)vy =1r,

where [ is the S x S identity matrix. Thus, v, satisfies a linear system of equations. Thus, v, can be
calculated by first calculating the matrix I — P, and then solving the above equation with a standard
linear algebra method for v;. (Note that we already concluded that a solution to this equation exist. That it
has a single solution, which also means that I — P is invertible, will be seen in the lecture on dynamic
programming.)
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Notes

1. Note that we abuse the notation by sometimes writing p(r’, s’|s, a), such as in this definition, whereas at other times, we might
write p(s’, 7’| s, a). We want to assert to the reader that both these expressions are equivalent in the sense that both return the
probability of observing the next state s” and reward ' given the current state s and the action a, i.e. the ordering of the first two
variables is immaterial.

2. Note that we overload the notation by using the same symbol  for both the immediate reward function r(s, a), and the variable
denoting a particular value of the reward obtained r (or r"). However, this should not cause any confusion, and the usage should
be clear from context.

3. This is just the tower property of expectations, which states that for any random variables X, Y, E[E[X Y]] = E[X], provided
that the expectation of X exists. Indeed, for Y discrete, E[E[X|Y]] = Zy ey P(Y = y)E[X[Y = y], where )/ is the set of
values Y takes with positive probability. For the sake of simplifying calculations, in the above expression we can replace ) with
a superset of it, ' D Y if fory € )’ \ ) we give some meaning to E[X|Y = y]. Indeed, in what follows we will always do
this. But what value to give to this expression? Since this value will always gets multiplied by P(Y = y) = 0, it turns out that
this choice makes no difference: All the calculations give the same result regardless of what value we assign to E[X|Y = y]. In
summary, in what follows we allow expressions of the form E[X|Y = y] even when P(Y = y), in which case we assign an
arbitrary value to this expression. Note that this is a standard convention.
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