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Abstract

Despite the breakthroughs achieved by Reinforce-
ment Learning (RL) in recent years, RL agents
often fail to perform well in unseen environments.
This inability to generalize to new environments
prevents their deployment in the real world. To
help measure this gap in performance, we intro-
duce model-advantage - a quantity similar to the
well-known (policy) advantage function. First, we
show relationships between the proposed model-
advantage and generalization in RL — using
which we provide guarantees on the gap in perfor-
mance of an agent in new environments. Further,
we conduct toy experiments to show that even a
sub-optimal policy (learnt with minimal interac-
tions with the target environment) can help predict
if a training environment (say, a simulator) helps
learn policies that generalize. We then show con-
nections with Model Based RL.

1. Introduction

Reinforcement Learning (RL) has emerged as a promising
learning paradigm owing to its successes in applications
like strategy games (Mnih et al., 2015; Silver et al., 2016;
2017) and robotics (Levine et al., 2016; Gu et al., 2016).
Due to the high cost of interacting with the real world — e.g.
accidents in the case of physical robots or loss of revenue in
recommendation systems — it is common to train RL agents
in a more accessible environment. For example, if we want
to train a self-driving agent to drive in Maine, a good starting
point is to train using a simulator or in a different environ-
ment which is more accessible such as Nevada. However, an
agent with good performance in this training environment
may or may not achieve similar performance in the test envi-
ronment (the real world). This lack of generalization of RL
agents prevents its reliable deployment in the real world.
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Intuitively, better performance can be expected when the
training environment informs the agent of the trajectories it
is likely to take in the target environment. Ideally, we would
like that in both the training and target MDP, taking actions
at states lead to the same transitions as well as rewards. To
formalize this notion, we introduce model-advantage — a
quantity similar to the well-known advantage function in
RL. The standard advantage function — which we refer to
as policy-advantage — evaluates the advantage of playing a
particular action as opposed to the action of a reference pol-
icy. Similarly, we define model-advantage as the advantage
of transitioning to a state as opposed to transitioning accord-
ing to an MDP M, while acting according to some policy.
Specifically, we are interested in the expected advantage of
transitioning according to one MDP with respect to another
one as reference, which allows us to evaluate the effective-
ness of using one model in lieu of the other — much like how
policy-advantage helps compare two different policies.

2. Model-Advantage

In this section, we formally introduce model-advantage
and definitions associated with it. Recall that A™ (s, a) i.e.
policy-advantage defined over states s € S and actions a € A
measures the utility of taking action a as opposed to acting
according to policy . However, unlike policy-advantage
that measures the difference in utility of taking an action,
we are interested in knowing the utility difference of transi-
tioning to a particular state, while following a single policy.
Specifically, model-advantage denoted by A7, (s,s") com-
pares the utility of moving to state s’ and following the
trajectory governed by model M as opposed to doing it
from state s; both under policy 7.

We define the model-dependent value function as follows,
where we make explicit the MDP M (and hence, the transi-
tion function P,,) used to generate trajectories.

Vii(s) =Epr, SV R (se,a0) | w1, M, s0 =5
=0

Here, p, is the distribution of trajectories (s, ag, $1,- - - ),
s0 ~ Py, when acting according to policy m. Now, the
intuition of model-advantage ' is given by:

'A Q(s, s") function can also be defined; however, it requires
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AT\FI (Sa 5,) =7 [V{rl (5,) - ]Es”~Pg,1(s,w)‘/1{TJ (5”)] (1)

Analogous to policy-advantage that compares different poli-
cies in the same environment, model-advantage helps com-
pare the same policy acting in two different environments.
For such a comparison, we need to look at the quantity
Eg e [AT(s,8")] — the expected model-advantage (eval-
uated at 7) when the next state s’ is obtained from the MDP
M'. We formalize this by the following (model) perfor-
mance difference lemma. The proof resembles the proof by
(Kakade & Langford, 2002) and is provided in Appendix A.

Lemma 2.1. (Model Performance Difference Lemma) Let
M and M’ be two different MDPs. Further, define R™ (s) =
Eqr(o[R(5, 0)} RE(5) = RY, (5)-R, () and J () =
Es.p,[V™(s)]. For any policy m € II we have:

Js\»f(ﬂ-) - JM'(T(-) = ESNdM,ﬂ [RE(S)]

1 ™
]Es~dM,7rEs’~73¢\,l(s’|s,7r) [AM'(Svsl)] @)

+

Here, we use a model-dependent stationary state distribution
dnr x (s) where the dynamics P, are used, assuming a start
state distribution Py. Compared to its policy counterpart
the (model) performance difference lemma involves an ad-
ditional reward error term Eg,, R that vanishes when the
two MDPs differ only in the transition probabilities.

We can also use the Bellman evaluation operator for policy
7 to obtain an equivalent formalization (see Appendix A):

1 s U s T
Jar(m) = I () + ﬁEdm,w (T2 Vi = Tap Vil 3)

deviation error

The term 7,7V = Ty Vi, which we denote by 67, 2
represents the deviation in the value function when acted
upon by Bellman operators corresponding to two different
MDPs. This term is exactly equal to model-advantage when
the reward functions of the two MDPs are the same. We can
form an upper bound on the extrinsic error as:

1
T (®) = Jae (1) S 7 1TV = TV

1
<tV ] @

where the rewards and the dynamics themselves are individu-
ally bounded i.e. max, max, |Ra(s,a) — Ry (s,a)| < er

additional formalism not necessary for our exposition. See concur-
rent work (Edwards et al., 2020) for a detailed discussion.
2 . . . . .
“Optionally, when using the optimality operators corresponding
to MDPs M and M’, we drop the 7 and denote the deviation error
as (5;\,1’]\/]/ (V(S) )

and max; max, | P (s,a) — Par(s,a)|, < ep. Of course,
note that |V 7|, is trivially bounded by ﬁRmaX, assuming
rewards are bounded by Rjx.

3. Generalization in RL

An RL problem is characterized by an MDP A/ and is con-
sidered solved when a policy 7 € II that maximizes the
expected (discounted) return is found. However, in practice,
the RL agent may then be deployed in a slightly different en-
vironment characterized by an MDP M. Therefore, we are
interested in how well an RL agent performs in an unseen
environment — in other words, its ability to generalize.

Related Work. Studying and benchmarking generalization
properties of RL agents via large-scale experiments has
been the focus of many works in the recent years (Zhang
et al., 2018a;b; Cobbe et al., 2018). Additionally, (Slaoui
et al., 2019) derives a lemma comparable to lemma 2.1 for
policies that are Lipschitz continuous over a set of state-
representations. Importantly, (Wang et al., 2019a) formally
define generalization gap which we adopt in this work (see
eq. (5)) They give formal bounds on this gap in the setting of
reparametrizable RL while making additional assumptions
like Lipschitz continuity on value functions. While we do
not require any such assumptions, it is important to note that
it is not possible to guarantee tighter bounds without them.

3.1. Generalization Gap.

Let J(m) = E[Y, R(s:,a:)] denote the cost function,
where the stochasticity is due to the policy and transition
dynamics; let Jn (m) denote its empirical estimate with n
samples. Given an RL agent trained in MDP M with finite
data, we are interested in its performance in a different MDP
M'. We can formally write this generalization gap as:

o= |jn(7T) - J' ()|
<|Jn(m) = J(m)|+ | () = J' (7)) (5)

intrinsic error extrinsic error

The generalization gap can be bounded with two different
sources of error as indicated in eq. (5). Following (Wang
et al., 2019a), we call them intrinsic error and extrinsic
error to denote the error due to learning from finite samples
and the error due to mismatch in training and deployment
environments. The intrinsic error decreases, typically
as O(1/\/n), with more samples; this is well-studied in
RL literature (Kakade et al., 2003; Azar et al., 2012; Jin
et al., 2018). The extrinsic error on the other hand is an
artifact of training and deploying the RL agent in different
environments and therefore, cannot be avoided.

When does 7 generalize? Observe that the extrinsic
error is nothing but the difference in performance due to
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model mismatch. From lemma 2.1, we know that this
is equal to the model-advantange, allowing us to both
estimate and bound this error term. In other words, if the
model-advantage is bounded by ¢ (see eq. (4)) i.e.

|Jar(mar) = Jae(mar)| < €

we can say that m,;, the policy learnt with experiences from
MDP M achieves similar performance in the target MDP
M’. As model of the “test” environment is not known, a
reasonable estimate of the model-advantage can be obtained
with enough samples — allowing one to predict the extent to
which the policy performs in the novel environment.

How good is 7 really? However, note that the above
generalization gap still does not provide the complete
picture. Ideally, we would like the policy 7, to have
performance comparable to 7}/, the optimal policy in the
target MDP M’ i.e.

| T (mar) = T (7o)
NI (mar) = T (man) |+ Jar (mar) = T (m3)| - (6)

term-1

term-1I

It is easy to see that term-I is nothing but the extrinsic error
in eq. (5) and is related to the model-advantage (evaluated
under policy 7,/) through lemma 2.1. Intuitively, this this
term corresponds to the cost of transfering 7, learnt in the
seen MDP M to the novel MDP M.

In the rest of this section, we will bound term-II for specific
instantiations of obtaining policy 7,; — specifically, Value
Iteration (VI) and Fitted Q-Iteration (FQI), with the former
being a model-based and the latter, a model-free approach
to solve MDPs.

3.2. Generalization with Value Iteration and Fitted Q
iteration

Value Iteration. When the dynamics and the reward func-
tions are known, Value Iteration (VI) and its variants are
often employed to arrive at the optimal policy. VI is an
iterative algorithm that applies the Bellman optimality oper-
ator T;; * at each step i.e. V(™) = T,V ("=1)_ The obtained
iterates converge to V', , the value function of 7}3,, asymp-
totically as T, is a contraction in the infinity-norm. We can
bound the difference in value from training on another MDP
with the following theorem:

Theorem 3.1. Let M,M’' be two MDPs
s.t.maxs max, |Ra(s,a) = Ry (s,a)] < ep and
max, maxg [par (s, a) — par (s, a)ll; < ep. Let w11 be the
policy obtained after n VI iterations on MDP M and let

? Assume optimality operator by default if policy is not explic-
itly defined

”V\(Inﬂ) - VA(;L)HOC < (™) Then we have,

H V]\‘I;r”l - VZCI’

P [%w 2ept %]
® 1l-v L-vy
We provide a similar bound when following a Fitted Q iter-
ation (FQI) method, which is more effective when dealing
with a large (or infinite) state space or unknown dynam-
ics/reward functions. The statement and proof of the bound
can be found in Appendix B.2.

3.3. Sim2Real: Is My Simulator Good?

The fundamental bottleneck preventing the usage of RL to
train agents in the real-world is exploration. As the model
of the environment is not available, finding the optimal pol-
icy not only requires exploring a large search space but is
also costly. A common strategy to avoid this issue is to
learn a coarse policy using a simulator and then fine-tune
it upon deployment. But how does one build the simulator
in the first place? It either requires considerable domain
expertise or a large number of samples from the real-world,
and we must know a priori that the simulator can express
all variations feasible in the real world. We are left with the
question: Given a set of simulators, which one is likely to
“generalize” best to the real-world? Predicting Gen-
eralization with Model-Advantage. Recall that (model)
performance difference lemma 2.1 allows us to compare
two models given a policy. Given )M, the simulator MDP
and M, the real-world MDP and 7.y, an expert policy for
M’, we can write:

‘J]\[(ﬂ-cxp) - JJV[’(']Tcxp)| = ‘E(S,S')Nf\f [A;r&);p (S, S,)] ‘
To compute the advantage function Aﬁ’,‘p , the expert policy
has to be executed in the real-world. Alternately, such an
“expert” policy and its corresponding value function in MDP
M’ can be learnt by collecting a finite set of data from the
real-world — for instance, by running FQI on the collected
dataset *. After paying this one-time cost of interacting
with the real-world, the model-advantage can be estimated
in an inexpensive manner for every simulator with finite
samples. In our experiments we will show that using an
approximately optimal policy is sufficient for comparing
model advantage across simulators, alleviating the need for
an expert policy.

Grid World Experiments. We consider the toy environ-
ment of FrozenLake available as part of OpenAI Gym ° to
illustrate the effectiveness of the proposed model-advantage

“Note that convergence to optimal value-function is guaranteed
only if the distribution used to sample states is exploratory. While
the “tax” of exploration cannot be waived, the hope here is that a
small amount if data is sufficient to learn a sub-optimal expert.

Shttps://gym.openai.com/
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Figure 1. Generalization gap on sub-optimal real world policies
on FrozenLake environments (FrozenLake 4x4 on the left and 8x8
on the right). Even a sub-optimal policy obtained with minimal in-
teractions with the real-world is sufficient to use model-advantage
and compare different fraining environments or simulators.

term in evaluating simulators. We treat the original setting
as M, the real-world MDP and then, corrupt the transition
dynamics with various levels of random noise to obtain a set
of “simulators” {M’;} X . We then run DQN (Mnih et al.,
2013) that uses a single hidden-layer MLP to learn Q-values
in M and obtain a sub-optimal “expert” Q-function by not
running the training to completion. As can be seen from
Figure 1, we see that even for Q-values far from optimal, the
model-advantage increases with increasing modeling error
ep — the same trend exhibited by the optimal Q-function in
the real-world.

3.4. Connections to Model-Based RL

Model Based Reinforcement Learning (MBRL) is a domi-
nant RL framework that first learns an approximate model of
the real-world, and then runs standard planning algorithms
like VI to find a suitable policy. Variants of the model per-
formance difference lemma (see lemma 2.1) involving the
approximated model have been derived in this context — for

e.g. see (Kearns & Singh, 2002; Kakade et al., 2003) and
concurrent works, (Rajeswaran et al., 2020; Kidambi et al.,
2020; Xu et al., 2018). In this section, we introduce a novel
perspective of MBRL and MBRL techniques.

The objective of MBRL is to construct a model that mim-
ics the dynamics and reward functions of the real-world as
accurately as possible. As seen from eq. (4), the model-
advantage is upper bounded as a function of e and ep, the
error in reward and transition dynamics functions. There-
fore, many previous works minimize this upper bound (Azar
et al., 2012; 2013; 2017). The drawback is that when the
upper bound is fairly loose, it leads to a “dynamics bottle-
neck”’(Wang et al., 2019b; Lambert et al., 2020).

Directly Minimizing Model-Advantage. From lemma 2.1
and eq. (4), a tighter bound on the model-advantage can be
minimized (Wang et al., 2019b; Lambert et al., 2020) —

731 () = Taae ()] = [Be srys [AF1o (s, 8] |
€R +76PRmax

S 1l-y -~

This is explored by the Value-Aware Model Learning frame-
work (Farahmand, 2018a;b); specifically, they minimize the

E ‘66\4’ MY |2 for a worst-case policy that seeks to maximize
the deviation. The crux of MBRL algorithms is to assume
access to the real-world — either through trajectories col-
lected by running a policy or with a generative model of
the MDP. These samples correspond to expert dynamics (or
rewards) and can be learnt by using the Imitation Learning
(IL) framework. This naturally leads to an algorithm that
alternately updates a model to minimize the dynamics and
reward error with imitation learning, and updates a policy to
maximize reward and further collect samples from the true
MDP. We defer the reader to Appendix C for guarantees of
such an algorithm with MBRL and IL.

4. Conclusion

In this work, we proposed model-advantage that helps com-
pare two models, similar to policy advantage that can be
used to compare two policies. This term provides a theo-
retical framework for understanding generalization in RL
— specifically, we provide formal guarantees on the gener-
alization ability of policies learnt via Value Iteration (VI)
and Fitted Q-Iteration (FQI). Further, we conduct toy exper-
iments to show that even a sub-optimal policy, learnt from
minimal interactions with the target environment, can help
identify the training environment that facilitates maximum
generalization. Finally, we discuss connections between
model-advantage and Model Based Reinforcement Learn-
ing (MBRL), and formally establish connections between
MBRL and Imitation Learning using the proposed model-
advantage terms.
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Appendix

A. Performance Difference

A.1. Proof of Lemma 2.1

Restating Lemma 2.1:

Lemma A.1. (Model Performance Difference Lemma) Let M
and M' be two different MDPs. Further, define R™(s) =
Egeris)[R(s,a)] and R (s) = Ry (s) — Ry (s). For any
policy 7 € IT we have:

Jur(m) = Jap () + Bsnay, o [Re(5)]

1 ™
+ ﬁESNdJ\,]YWES,NPAI(S"S,W) [AJW’(S7 S,)]

Proof. Let Py be the start state distribution for both MDPs, Pf; ,
be the state distribution at time ¢, starting from so ~ Po in M
and das,~ denote the stationary state distribution under MDP M,
policy 7 and start state so ~ Po. We use the following slightly
modified version of the definition of value function which has a
normalization of 1 — ~:

Vi1(50) = (1=9) 329 Easserry [Ros st,00)]
Then, we have:
Jur () = Jarr ()
= Eso-po [Vi1(50) = Var (50)]
=(1-7) 27tE3t~P§1JEatN7r(~\st) [Ras(st,ar)]
—Esopo [V (so)]

= (1-7) X7 Eormry, , [RE(56)] = Esgomy [V (50)]
t=0 :

=y ’YtEstNP‘{r,yt [(T=)RA(se) + Vipr(s¢) = Vi (5¢)]
=0
—Eso-pg [VJC}’(SO)]
Cancelling the first element in the summation, and shifting the

series by 1 step:

7 E

I
0 st~Pyy ot

M8

[(1 = )R (st) + YV (st41) = Vi (56) ]

o~
I

st+1~Pjy Jt+1
Expanding V. (s¢) with a one-step bellman evaluation operator:
= Z 'yt E

™
t=0 st~Ppy ¢
™
St41~Prp i

[(1 - V)R (s¢) + ¥YVapr (Se+1)

- ((1 VR (st) + VEsrpr (s4,m) [VX}'(S")]) ]

oo
t
=27 E
r
t=0 st~Pyy ¢
st+1~Plr 441

[(1 - 7)(73';\\'[(315) - RR]I(St))

+ ’YVIC[/(St+1) - ’YES”NPK[,(S,,,W) [V]Zr[/(S”)] :|

Using definition of R7:
=7 E [(1—7)733(&)
t=0 st~Pry ¢

st41~Ply 441
+ ’YVIC;/(SHJ) - ’YES”NPK[,(S,,,W) [V]Zr[/(S”)] :|

Using definition of A7,;/:

= Z f}/t E
t=0

™
st~Ppy ¢

[(1=7)RE(se) + Ahp (565 5641)]
5t+1~P:\Tf1,t+1

1 ™ ™
= ﬁEsNd]\f,ﬂ'ES,NPJ\I(Sﬁ‘”) [AM’(37 S/)] + E8~dsw,7r [Re (5)]

O

A.2. Corollary: Deviation Error

The following is a useful corollary for subsequent proofs.

Corollary A.2. Let M and M' be two different MDPs. For any
policy w € Il we have:

1 s ™ U ™
JAJ(TI’) = Jjwl(ﬂ') + ﬁEsNde [T\/ ‘/j\,] (S) - 7-]\4!‘//\,1 (8)]

deviation error

O]
Proof.

I () = I ()
= Bay oy [V (s0) ~ Vi (s0)]

Proceeding similar to the previous proof upto the following line:

[(1 YR () + AV (s10)

t
¥ E
0 StNP§I,t
5t+1NP§1,t+1

M3

t

— ((1 - ’Y)RK{! (St) + ,YES”NP;\(J/(S’:’W) [V]@’(SH)]) ]
Using definition of the bellman operator 7}

_ ZWEP[T Vi (s2)
t=0

_ ((1 - ’Y)RX[/ (St) + ’Y]ESHN'P;C,I,(SMTF) [V]C’[/(S”):I) ]
Using definition of the bellman operator 7,/

= 2 Esierg,, [T Vi (s6) = Tir Vil (s¢)]
t=0

1 7r 7r
= medw,M (T3 Var (8) = Tar: Vir (s)]

O

Note that we can further upper bound the difference in values
across MDPs for a policy as follows, which will be useful in
subsequent proofs. We compute this bound at an arbitrary start
state so, and it will then hold for any start state. Let das,sy,~ be
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the stationary state distribution of following policy 7 in MDP M,
starting at state so.

Vir(s0) = Vi (s0)

= .. )
Proceeding similar to the proof in Appendix A.1, we get the fol-
lowing:
1 s s
= = Eayr .o [TVi = T Vi)
-
1 T T
< m IITX}VM/ - TJCI'VM'HOO 9)
1 [yor
<7 IR A = Rzl oo (10)
-]
+fymax Z VM'(S )]Ea ~m(s) [pM'(S |8 a) pu(s a)]]
s'eS
LT
<——I|er (11)
1-~[

+9 1 Varrllo max max ||pM,(s'|s7 a) -pu (s, a)”1 ]

€p
< T [eR + 71 Varllo ep]
1 'YEPRmax
12

Sl—fy[€+ 1_7] (12)
B. Generalization with VI & FQI
B.1. Value Iteration: Proof of Theorem 3.1
Restating Theorem 3.1:
Theorem B.1. Let M,M'  be two  MDPs

s.t. maxs maxgq [Rar(s,a) — R (s,a)| < er and
maxs maxq [par(s,a) —pur(s,a)ll;, < ep. Let mns1 be
the policy obtained after n VI iterations on MDP M. Then we
have,

||V‘"'n+1 V]\*{I - <

M’

QEPRmax]

1
— [’ye(") +2€p +
- 1-~

Proof. In the main paper, we derived the following results:

vz v s viie —vire )+ Vi - v |
(13)
W l* Ve Ong1 (Vi*!
Virtt — Vi < + (14)
|| M oo 1- o 1- ¥

Now, the first term in the RHS of eq. (13), we use the upper bound
derived in Equation (12):

1 max
Vi = Vi € 1 [en + 2200 ) (1)
1-v 1-v
Notice that §,/, 5,7 occurs in eq. (9), and using the same proof as
that of eq. (12), we get the following bount on 6,/ s for any V.
e, (V) <er+vep |V,
YEP Rumax

<ep+ % (16)
1-v

Putting together egs. (14) to (16), we get the desired bound.  [J

B.2. Fitted-Q Iteration

Recall that D = {(s, a,r,s’); } 1, is a dataset of experiences where
(s,a) ~ pu x U for some state-distribution p and policy U, s" ~
Pr(s'| s,a) and 7 ~ RM(S a). FQI is an iterative algorithm
that learns a function f in the model-class F that approx1mates
the Q-function. At each iteration fj, = T fr—1 where Tar is the
empirical Bellman operator defined as follows:

Torf : = aurgmim[lp(f7 )

Lo(f.f):- |D“ > (fsa)=r=aVp ()’

r,s’)eD

We define norms for functions over S x A, similar to (Munos &

Szepesviri, 2008), as follows: [|g,, .. = (Es-v,ax [\g|2])1/2 for
vxmeA(SxA)andg:Sx A->R

Theorem  B.2. Let M,M’ be two  MDPs
s.t.max, max, [Ra(s,a) — R (s, a)l < er and
max, max, [pa(s,a) —par(s,a)ll; < €p. Let

D = {(s,a,r,s")i}iv, be generated as (s,a) ~ pu x U, where
u is exploratory and U is uniform over actions, v ~ Ry (s, a),
s' ~ Pr(s,a). Let 7y, be the greedy policy w.r.t. fx, obtained
after k iterations of FQI on D. Then we have,

s - @i,
< 17 [ykRmax + O (VIATE™ ) + 26n + @]

STz T

Proof. Let# :=my,,letv™, n" denote the optimal value function
and policy in the second MDP M’, and Q3 := Q}{; Let

M8

1% - _ .
Vi = Vg < ’Yt 1E5~P17;f[, . [Q;W(SJTH) - QJ*W(SJT)]

o
Il
=

IN
M8
)
>

%

-1 A
[HQ*M/ - Qi

™ X7
M/t

# XA:I
PJ\I’ 7

2 * T
<| — 1= 7
- ( 1- 7) um?Aw(%(xA) HQM Q@

>
]
fun

+ HQ;\I’ - Qr

UXT

Now, it remains to bound |Q7, — Q7 e
A). First we look at the term ||Q’{[ - Qy

forany vxm e A(Sx
= ka - Q;\/I’”VXTF

UXT



Bridging Worlds in Reinforcement Learning with Model-Advantage

below. Recall that fj, = Tus fr-1.
IFx = Qi
=|fr = Tarfr-r + Tar fr-1 — Qs ”

< ka - 77Wfk’luuxrr
+ ”TMfk-1 =T fr-1 + Tarr fo-1 - Q;W”

<VIMC e =Tt fr-1ll e
+ ||77\Jfk—1 = 7—1\4r'f/!c—1H1,X7T + ||7—M’fk—1 = wa”
Deviation error

< V2| AlCen + 5(\’; ey HVM'”H - Var

Defining 7y ¢, (s) := argmax,, 4 max{f(s,a), fu(s,a)}, itis
Vil $1f = Felhr, .

< V2/A[Ce, + 5% ;}, +y IIfk-l - Qi
”fk - Qw ”Vx7r < \/ 2|A|Cen

5> 7i5§3ﬁi? +9* ||f0 - Q|
i=1

UXT

UXT

P'(vxm)

easy to verify that |V

P’(uxw)xwfk71 Q%

Pl(uxw)X‘lrfOle*

Following (Munos & Szepesviri, 2008), we denote €, as a bound
on the error of using an empirical bellman operator (with a finite
dataset) as opposed to the true bellman operator.

1 i
7 \/2|A\Cen Z’y 5(” 11&

")’ Rmax

: 7 "
Now, we can use this to bound HQ v — Qur L s follows, where

fr= Qf\rfi

|t -Qi| =
VX
< ”Q?W - QT{I”
UXT

”Q?W - QT\rf + Q?\rl -Qur e
| fx - Qirl,.
k
+ 177 V2|A|Cep
UXT 1— ’y
[ ——

FQI finite data error

< ”QXW -Qu

Transfer Error
(i-1)
+ Z 5'\[ ]v[’

Deviation Error

'Yk Rmax
T-v

FQI finite iterations error

We can write the deviation error:

(k-1)
6\1 M’

=T fr-1 = Tarr fr-1ll an
= E(s,ayevnn [(Thr fr-1)(8,a) = (Tar fr-1) (s, a)]
= E(Sy(,‘)NUXW[(RM (57 a) - RILI’(& a)+

Y (]:ESINPAJ(S,G) [ka,l (S’)] - ]ESINPJW’(S:G) [‘/fk—l (S,)]) )]

sent [ (Erery o [V ()]

- ]ESINPM,(s,a) [ka-—1 (S/)] )H

UXT

Considering the term on the right (squared):

H’Y (ES'NPM (s,a) [ka—l (s’)] - ES'NPMI(S@) [ka—1 (5’)]) )||12/><71—

= E(S,G)NVXTF[

A Vi Gl 150) sl |

Using Holder’s with 1/g1 + 1/¢2 = 1:

2 7\ 92 / 2/ az
< E(5,a)~u><7r Y s'eS |vak—1 (S )| ds
4 ! q1 ! 2/q1
(f, s ‘pM(s |s,a) = parr (s |s,a)’ ds )
s'e

Setting q1 = 1, q2 = 00, and  using

max, maxa [pas (s, a) = par(s,a)l, <ep
2 2 2
= ]E(s,a)~1/><7r ['7 €p HV/’k-l ||oo]
2 2 2
=7 €p vak—l Hoo

(S(k 1).

Now, we get the following relation for MM

k-1
6(\1 1\1)/ < €ER +Y€EP HV/’k-lHoo

<€ER+——m 18
Ser+ (18)

Now, we derive a bound on the transfer error as follows:

|3 - Qi
VUXT
< HQK{’ -Qu
oo

Using the fact that Q7% , is the fixed point of T;+,:
(i) ot -at |

Using the fact that Q7 is the fixed point of 77y
- |(75)" @ - Tt

Adding and subtracting, followed by triangle inequality
<) @t -ran] it -mhai

Using contraction property
<~||(75)” QF - Q| + |7 @t - TH QL

Deviation Error

Bounding the deviation error same way as eq. (17) to eq. (18):

<o (78) Q- Q|+ en - 28T

Using the fact that Q% is the fixed point of T},



Bridging Worlds in Reinforcement Learning with Model-Advantage

Algorithm 1 Imitation Learning for MBRL

Input: Generative model of Pj;, reward function R -,
exploratory policy p, initial model ’ﬁMJ, parameters
N,m, online learner OLALGORITHM, policy learning
algorithm POLICYUPDATE

Output: Sequence of policies 1. x

Initialize D « @&
Initialize 7r; < POLICYUPDATE(Py/ 1, Rar)
fori=2to N do
Collect m samples of (s, a) using a mixture of d p, ,
and d,, p,,, (with equal probabilities)
Create dataset D; = {(s,a,Prr(s,a))
Aggregate datasets D < DD,
Train 751\“ over D using a first order oracle of loss
¢;(Py; ;) and OLALGORITHM
7 < POLICYUPDATE(R a7, Par.i)
end for

< 7”@?\(/1' —Qf{,”w R PYEI%R;W
= fete-ail.
<7 |@h - QY| _ +en+ welpiRmax
- -
= HQK[’ _QKIHM < T [ﬁR + %R;m]

Substituting back the deviation error, we get the desired bound.
[EirEe
VX
[%Rmax + (1 - 'yk) V2IACen (20)
’YGPRmax k
+2(ﬁ+€R)(l—’y )]
1 k / 2€p Rmax
< — Y Rmax+o( |A|€(n))+2€R+17
-

<7 —

19)

<

1-~

C. Connections to Imitation Learning

Consider the following algorithm. Note that this algorithm has
been presented by (Ross & Bagnell, 2012) where they show analy-
sis with DAGGER as their online learner.
Theorem C.1. Let £;(Pus) := Ea,, . Ep,, [¢] where ¢ : S x
S — R is a surrogate loss satisfying: Vs € S,m € 11, 3 constant
Cur > 0s.t. Ep, ,[|[AY]] < CyvEp,,,[¢]. Assume access
to a sampling distribution v € A(S x Aj which is exploratory
dprr - (5,a)

and c}, )

= sup, , . Given a no-regret online learner
that plays {731\1,1'}2]'11 and a corresponding sequence of policies

{m:} N1 s.t. m; = planner(Pas.;), then we have

1[& .
~ [Z JM'(7Tn):| — I ()
-1

*
_ 2¢,M Cyr
< 6pl]\anjr:ner V]_T (Emodel + Eregret)
where € plAaIr,mer = % Z]\i [Jz\f,i(ﬂi) - JAW,Z' (Tr;w')]y €model =
inf 5 E(s,a%dM/,ﬁ [ i ] and €regret = O(l/\/ﬁ)

Proof. Let p; := %y + %Dﬂm and p := Zf.\il pi

mln JAI/(’]T) J}\[l( ’)

S%g[hﬂ(”z) Jur ()]
S%JZV:[JM' (mi) = I (i)

.
I
=

+ JAI (7'('1) - JA,[ (7T’)
e Tt () = D ()]

Using the model performance difference lemma 2.1

S%Z[Ju (m:) = Jar ()]

i=1

-

planner
1 N mag
+ (1-9)N Z; ESNd}W’,wi ES'NPM'(S'ls,m) [|AM(S7 S )H
i

<surrogate loss

ety Bep o [[AT (55 |

7 Cyr 1 ~
< gplanner 1 J\T’y N ~ [E(Sva>Nd1w’,7ri7” [él(lp)]

+Eosayeadyys o [6(P)] ]

Using the definition of cf,’,

_ Crr 1 N ~
< €planner T 1 ]Mfy N “ [E(S’G)NdM"wiﬂ"i [EZ(P)]

+ CZ IE(s,a)~u [61 (P)] ]
! ! C]M’

< 6planner + cl/

N [ (e,a)NdM/’_ﬂ_iwi [61(75)]

+ E(s,a)Ny [62 (P)] ]

! r Chrr 1
= gplanner + 261/ 1 ]u,_y AT Z []E(S a)~p; [z (P)]]
i=1

Adding and substracting the best loss in hindsight

_’ C 4
= 6Planner + QCV 1”7 [ﬁregret + lnf]E(s a)~p, [Z (73)]]

T C]M’

= gglarlrler + 261/ ﬁ [Eregret + 6“10(191]

Now, the proof for eregret = O(1/V/N) is the same as that of any
no-regret online learner. For example, one may use Algorithm 1
with DAGGER (Ross et al., 2011) as the OLALGORITHMto get
the desired €regret. O



