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Appendix A.

A.1. The relation of returns (performance guarantee) under k-step branched
rollouts in Markov decision processes

In this section, we analyze the relation of a true return and a model return in an MDP,
which is defined by a tuple (S, A, r,v,pst). Here, S is a set of states, A is a set of actions,
pst =S xS x A — [0,1] is the state transition probability, r : S x A — R is a reward
function and v € [0, 1) is a discount factor. At time step ¢, the state transition probability
and reward function are used as p(s¢|s;—1,a;—1) and r(s;, a;), respectively. The true return
is defined as Eqr s~p [R =30 Wtrt], where 7 is the agent’s current policy. In addition,
the model return is defined by E(4 s)~m,, (m,pp, Deny) [F2]; Where m (7, pg, Deny) is the state-action
visitation probability based upon an abstract model-based rollout method, which can be
calculated on the basis of the 7, py, and Depny. py is the predictive model for the next state.
Denv is the dataset in which the real trajectories collected by a data collection policy mp is
stored.
We analyze the relation of the returns, which takes the form of

Earm,s~p [R] > E(a,s)Nm(mpe,Denv) [R] — C(ém, €x),

where C(€p,, €;) is the discrepancy between the returns, which can be expressed as the func-
tion of two error quantities €,, and €. Here, €, = max; Eq,rp s,op [DTV (P(St41|5t, at)||Do(St+1]5¢, ar))]
and e; = maxs, Dpy (7(a¢|s)||mp(at|s¢)). In addition, we define the upper bounds of the
reward scale as max > max, q|r(s,a)|. Note that, in this section, to discuss the MDP case,
we are overriding the definition of the variables and functions that were defined for the
POMDP case in the main content.
Janner et al. (2019) analyzed the relations of the returns under the full-model-based
rollout and that under the branched rollout in the MDP:
Theorem 4.1. in Janner et al. (2019). Under the full-model-based rollout in the MDP,
the following inequality holds,
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where E(q s)~m s (.pp, Denn) [R] is the model return under the full-model-based rollout. m¢(74,pa, Denw)
18 the state-action visitation probability under the full model-based rollout method.
Theorem 4.2. in Janner et al. (2019). Under the branched rollout in the MDP, the
following inequality holds,
o ) k

=P = —%Em”e’”}’
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where Eq s)mmy (7o, Dens) |12 38 the model return under the branched rollout. my(7e, po, Denw)
1s the state-action visitation probability under the branched rollout method.

The notion of my(m, pg, Deny) in the analyses in Janner et al. (2019) and our case are
summarized in Figure 10. In the branched rollout method, the real trajectories are uniformly
sampled from De,y, and then starting from the sampled trajectories, k-step model-based

Eq TSP [R] > E(a,s)wmb(w,pg,Den\,) [R] — 27max {
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Figure 10: The notion of my(mg, pg, Denv). The figure shows the case of the branched rollout
method with & = 3. The blue nodes represent real trajectories contained in Deyy,
and the yellow nodes represent fictitious trajectories generated by k-step model-
based rollouts with 7 and py. The fictitious trajectories are stored in Diodel-
The distribution of the trajectories stored in Dy,oder is used as mp(m, po, Deny)-
In the analysis (derivation of Theorem 4.2) in Janner et al. (2019),
fictitious trajectories of dashed yellow nodes are not stored in Dy,odel,
and thus the state-action visitation probability at each time step is
calculated based solely on a single model-based rollout factor. To
contrast, in our analysis, these fictitious trajectories are stored in
Dmodels and thus the state-action visitation probability at each time
step is calculated on the basis of multiple model-based rollout factors.

rollouts under 7 and py are run. Then, the fictitious trajectories generated by the branched
rollout are stored in a model dataset Dpoqel . The distribution of the trajectories stored
in Dyodel is used as my(m, pg, Denv). In Figure 10, pr,,(st, ar) is the state-action visitation
probability under pg and wp. This can be used for the initial state distribution for k-
steps model-based rollouts since the real trajectories are uniformly sampled from Deyy. In
addition, p}fi i (5¢,a¢) and pgk,i(sta at) are the state-action visitation probabilities that the
i-th yellow fictitious trajectories (nodes) from the bottom at ¢ follow.

In the derivation of Theorem 4.2 (more specifically, the proof of Lemma B.4) in Janner
et al. (2019), important premises are not properly taken into consideration. In the deriva-
tion, state-action visitation probabilities under the branched rollout are affected only by
a single model-based rollout factor (see Figure 10). For example, a state-action visitation
probability at t (s.t. t > k) is affected only by the model-based rollout branched from real
trajectories at t — k (i.e., pP, ,(st,ar)). However, state-action visitation probabilities (ex-
cept for ones at t =0 and t = 71) should be affected by multiple past model-based rollouts.

3. Here, when the trajectories are stored in Dmodel, the states in the trajectories are augmented with time
step information to deal with the state transition depending on the time step.
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For example, a state-action visitation probability at ¢ (s.t. ¢ > k) should be affected by the
model-based rollout branched from real trajectories at ¢ — k and ones fromt—k+1tot—1
(i.e., pgho(st,at)...,p}?;k’k_l(st, at)). In addition, in their analysis, they consider that k is
an element of the set of non-negative integers. However, if £k = 0, the fictitious trajectories
for Dpodel are not generated, and the distribution of trajectories in Di,oqel cannot be built.
Therefore, k’s value should not be 0 (it should be an element of the set of non-zero natu-
ral numbers N+ ). These oversights of important premises in their analysis induce a large
mismatch between those for their theorem (Theorem 4.2) and those made for the actual
implementation of the branched rollout (lines 5-8 in Algorithm 2 in Janner et al. (2019)).

Hence, we will newly analyze the relation of the returns under the branched rollout
method, considering the aforementioned premises more properly. Concretely, we consider
the multiple model-based rollout factors for mg (7, pg, Deny) (See Figure 10) 4. With this
consideration, we define the model-return under the branched rollout E(, ¢)~m, (r,ps, Denv) [ 2]
as:

k—1
E(a,5)~my (o Do) [B] = D Prp(50,@0)r(50,00) + D > A'Ppip(st, ar)r(se, ar)
50,40 t=1 st,at
00
0 A k(s an)r(se, ar) (4)
t=k st,at
1 t—1
pri(sear) = ; > ptika(snar) (5)
" =0
1 k—1
ng(stv at) - % Zp}‘/)ék,i(sb at) (6)
=0
br _
pt<k,i(5ta ar) = Z Z Prp (Si)H;:%pe(SjJrﬂsj’aj)ﬂ-(aj‘sj) (7)
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Here, pr, is the state visitation probability under mp and pg;. The ones modified from
Janner et al. (2019) are highlighted in red. In the remaining paragraphs in this section,
we will derive the new theorems for the relation of the returns under this definition of the
model return.

Before starting the derivation of our theorem, we introduce a useful lemma.

Lemma 1 Assume that the rollout process in which the policy and dynamics can be switched
to other ones at time step tg,. Letting two probabilities be py and ps, for 1 <t/ < tg,, we
assume that the dynamics distributions are bounded as

€m,pre = Maxy Egop [Dry (p1(sy|sy—1,av_1)||p2(sp|sy—1,ar_1))]. In addition, for ts, <
t' < 't, we assume that the dynamics distributions are bounded as

4. Considering the discussion in the last paragraph, we also limit the range of k£ as k € Ns¢ in our analysis.
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€m,post = Maxy Egp, [Drv (p1(sy|sy—1,av—_1)||p2(sy|sy—1,ar—1))]. Likewise, the policy di-
vergence is bounded by €x pre and €x posi. Then, the following inequality holds

Z ’p1(8t7 at) - P2<3t, at)‘ < Q(t - tsw)(em,post + 67r,post) + 2t5w(6m,pre + Ew,pre) (9)
St,at

Proof The proof is done in a similar manner to those of Lemma B.1 and B.2 in Janner
et al. (2019).

> Ipi(se, ar) — pa(se, ar)|

St,at

= Z Ip1(st)p1(az]se) — p2(se)pa(alsy)|

St,at
=Y Ipr(se)pa(arlse) — pi(se)pa(aclse) + (pr(se) — pa(se))pa(adse)]
St,at
<> pa(se) Ipa(aclse) — palarls)| + Y Ipa(se) — pa(s)]
St,at St
< Z p1(se) Ip1(aelst) — pa(arlse)| + Z [p1(st, ar—1) — pa(st, ar—1)|
St,at St,at—1
= > p(se) pi(aclss) — palaulse)|
St,at
+ Y Ipila—1)pi(sila—1) — pr(a—)pa(selas—1) + (p1(a—1) — pa(ar—1))pa(selas—1)|
St,at—1
<> palse) Ipaarlse) — paladds)l + Y prlac) pi(silai—1) — pa(silai)]
St,at St,at—1

+ > Ipa(ar-1) — palas—1)|

at—1
<> pilse) Ipa(alse) — paladdso)| + D prlas—) [pi(silai—1) — pa(silai—1)|
St,at St,at—1
+ > Ipi(sie1,ai-1) = pa(sio1, se-1)]
St—1,0¢—1
< 26m,post + 2€ﬂ,post + Z ‘pl (Stfla atfl) - P2(5t—1, Stfl)‘
St—1,0t—1
S 2(t - tSW)(EmJJOSt + ETF,pOSt) + Z |p1(stsw7 atsw) - p2(8tsw7 stsw)|

Stsw 1Atsw

< 2(t - tsw)(Em,post + 67r,post) + 2tsw(€m7pre + 67r,pre)

Now, we start the derivation of our theorems.
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Theorem 3 Under the k € Nxg steps branched rollouts in the MDP (S, A, 7,7, pst), given
the bound of the errors €y, = max; Eq,~rp . s;op [DTv (P(St41]56, ar)| Do (St41]5t, ar))] and ex =
maxs, Dy (m(a¢|st)||mp(at|st)), the following inequality holds,

1+ v = k7R + (k= 1)y
Ea~7rs~ ZEaswm s — I'max 27r ™ m
’ p[R} ( ) ) b( 7P0,Dem;) [R] r {(1 _7)2 € + (1 _7)2 (E +€ )
k _ k
+ 77_ ;(ew + €m) + 17_W(l<:+ 1)(ex +em)}.
(11)
Proof
Zso,ao {pﬂ-(507 ao) - pﬂ'D (807 ao)} T(SO; QO)
k— T
EGNW’SNP [R] B E(avs)’\/mb(ﬂ-vp(%penv) [RH = + Zt:ll Zst,at "}/t {pﬂ-(st7 at) - p}f)<k’(st7 at)} T(8t7 at)

Yk a7 {Pr(sts ) = B (st 00) | r(se, )

> so.a0 [P (80, a0) — Prp (S0, a0)] [7(s0, ao)|

IN

+ Z;’ik 7t Zsi,at

T'max Z |p= (50, a0) — Prp (S0, a0)|

50,00

TV
term A

+Tmax Zf:_ll ’Yt Z ’pw(sta at) - p?ik(sta a‘t)‘

St,at

IN

term B

pr(st, 1) — pPi(sts a0)|

+Tmax Z?ik 'yt Z

St,at

term C

Here, pr(st,at) is the state-action visitation probability under pg and 7.
For term A, we can bound the value in similar manner to the derivation of Lemma 1:

> Ipx(50,@0) = Py (50, a0)| = Y |Px(a0)p(s0) = proy (@0)p(50))|

= Y Ipr(a0)p(s0) = pr(ao)p(s0) + (pr(a0) = prp(a0)) p(so)]
< Y palao) [p(s0) = p(s0)| + Y [pr(a0) = prp(a0)|

7 =0 <2er ”
< 2

(13)

For term B, we can apply Lemma 1 to bound the value, but it requires the bounded
model error under the current policy 7. Thus, we need to decompose the distance into two

k—1
+Zt:1 ’Yt Zshat |p7r(3t7at) —p?ik St,at)‘ !T(St,at)!

(
P51, 1) = PPt a0)| Ir (e, )]

(12)
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by adding and subtracting pr,:

Z‘pw(styat)_pbr,t<k(3t7at)‘ = Z

Pr(5¢, a) —Pm(st,at)
+Prp (5t; at) —p?ik(st, at)

St,at St,at
< Z [pr(Sts ar) — prp (51, at)|
St,at
Sgtrerr
+ Z Prp (5, ae) — PP (st at)‘ (14)
St,at

Z ’PwD(St,at) —p?ik(st,at)‘ = Z‘ Zl owa (st,at) — 12: ép?im(st,at)‘
St,at St,at
e
P22

1=0 st,at

(A) t—1
é %2{2(t_7;)'(67r+5m)}
1=0

IN

Prp (8, at) — p?ik,i(sta at)‘

- % {152(67r + €m) + tler + em)} (15)

For (A), we apply Lemma 1 with setting €, post = €m and €rpost = €5 for the rollout
following 7 and py, and €y pre = 0 and erpre = 0 for the rollout following mp and ps,
respectively. To recap term B, the following inequality holds:

Z |pr (¢, at) — Pbr,t<k(5t7 at)] < 2ter +tlex + €m) + (ex + €m) (16)

St,at

For term C, we can derive the bound in a similar manner to the term B case:

Z|p7r(3t>at)_pbr,tZk(staat” = Z

pw(St, at) — Prp (St, at)
+Prp (Sta at) - p}j)ék(sta Clt)

St,at St,at
S Z ’pﬂ'(staat) _pﬂ'D(Staat)|
St,at
<2ten

pﬂp(staat) _p?gk(shat)’ (17)

2

St,at
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Z pﬂ'D(Staat) *ng(smat)‘ = Z‘ i O pWD st,at ka 01p]1?>k:z(3t7at)‘
St,at St,at
1 k—1
br
= k Z Z Prep (st ar) _ptzk,i(staat)’
=0 St,at
1 k—1
< 20— 1) (et e}
1=0
1 2
— % {k (€7r + em) + k(Eﬂ— =+ Em)} (18)

To recap term C, the following equation holds:

S [pestna0) = plEa(sna)| < 2ten+ ken +em) + (ex +m) (19)

St,at
By substituting Eqgs. 13, 16, and 19, into Eq. 12, we obtain the result:

Tmax2€r
Eqrm,s~p [R] - E(a,S)Nmb(mpeDem) [RH < +Tmax Zf:_ll ’Yt {2t67r +t(er + em) (EW + fm)}
Frmax D opor V' {2t€r + k(ex + €m) + (€x + €m)}
2, + 1= Wk(ll)Jr (k17" v (3ex + €m) + 7 (x4 €m)
= Tmax el
+ 2ok {2teﬂ+k(en+e )+ (eﬂ+em

(k—1)
[2671— 1=ky (ll,Jyr)k Ly 367r+6m)+'y =1 ( e7r+em

7 (

= Tmax + 32 Y {2ter + k(er + €m) + (e,r + €m)}

Zk Lot {2ter + k(ex + €m) + (€x + €m)}
7 (

( )
[2eﬂ+1k7k1+k1 367r+6m)+’y 7e7r—i-em}

) (1—7)2

=  Tmax +( )Q’YEﬂ- + i~ {k(Eﬂ- + Gm) (Eﬂ- + Em

Z yt {2ter + k(e7r +em)+ (ex +€m)}
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1—k <k D4 (k—1)y
2€x 7(1 j) i%ew—i-em—i—7 767r—i—em

+( )2’767r + 1 {k(eﬂ' + Em) + (€7r + Em

= Tmax 1— k'y(k 1)+k2 1
SR (= e

k_
\ — _17 {k(exr + €m) + (ex + €m)}

—k~vRa(k—1)~FTL
_ W 2en + T (e )

= T k k_
e +,Y,y 1 (67:' + Em) + (11,y ’Y,Yil’y) (k’ + 1)(671' + Em)

kR +(k—1)yF 1
= Fmax aop 7) e+ 7“(2) 5 (et n) (20)
+77_17(67r +€m) + L = (k+1)(exr +€m)
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A.2. Proofs of theorems for performance guarantee in the model-based
meta-RL setting

Before starting the derivation of the main theorems, we first introduce a lemma useful for
bridging POMDPs, our meta-RL setting, and MDPs.

Lemma 2 (Silver and Veness (2010)) Given a POMDP (O, S, A, pop, 1,7, Pst), consider
the derived MDP with histories as states, (H,A,~,7, pri), where pp; = p(hivi|ag, hy) =

D1 2oseys P(stlhe)p(sesalse, ar)p(osilseqr, ar) and 7(he,ar) = -, p(st|he)r(se, ar). Then,
the value function of the derived MDP is equal to that of the POMDP.

Proof The statement can be derived by backward induction on the value functions. See
the proof of Lemma 1 in Silver and Veness (2010) for details. [ |

Lemma 3 Given meta-RL setting in Section 4, consider the derived MDP with histories

as states, (M, A,v,7,pr;), where pp; = p(hiyilar, he) = ZTtp(Tt|ht)p(0t+l|7—ta ot,ar) and
7(he,ar) = an(n]ht)r(ﬁ, ot,at). Then, the value function of the derived MDP is equal to
that in the meta-RL setting in Section 4.

Proof
By Lemma 2, the value function of the POMDP can be mapped into that of the derived
MDP with histories as states, (H,.A,~, T, pn;), where

pi = plhelas, ) =320, 30, p(selhe)p(setalse, ar)p(or1lsi1, ar) and T(he, ar) = 32, p(selhe)r(se, ar).
By considering that the hidden state is defined as S = 7 x O in the meta-RL setting in
Section 4, p(hit1|at, he) and 7(hy, a;) can be transformed as:

plheclag he) =Y p(selhe)p(serilse, a)p(orslsirr, ar)

St St+1

= ZP(St|ht)P(0t+1!8t,at)

St
= ZP(Tt,Ot\ht)P(0t+1|7't,0t,at)

Tt,0t

= > p(nlhe)plo1lm, o, ar) (21)

Tt

f(ht, at) = Zp(st’ht)T(St, CLt) = Zp(Tt, 0t|ht)r(7't,ot,at) = Zp(Tt‘ht)T(Tt, Ot, at) (22)

Tt,0t Tt

Now, we provide the proof of Theorems 1 and 2 in Section 5.
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PROOF OF THEOREM 1:

Proof By Lemma 3 our problem of meta-RL can be mapped into the problem in the
derived MDP (H, A, 7, 7, phi)-

By applying Theorem 4.1 in Janner et al. (2019) to the derived MDP (#, A, v, 7, pn;) with
defining €,,, and €, by Definitions 1 and 2 respectively, we obtain the following inequality
in the derived MDP:

2
(1-7) Em} » (B)

b
(1—7)?

E, ~TT,8~D [R] > E(G,S)N’mf(ﬂ',pe,Denv) [R] — 2P max { (Em + 2671—) +

PROOF OF THEOREM 2:

Proof By Lemma 3 our problem of meta-RL can be mapped into that in the derived MDP
<H’ Aa VT, phi)-

By applying Theorem 3 in Appendix A.l to the derived MDP (H,A,~, 7, pni) with
defining €,,, and €, by Definitions 1 and 2 respectively, we obtain the following inequality
in the derived MDP:

EUL TSNP [R} > E(a,h)wmb(ﬂ',pg,Denv) [R]

142 v — kyF 4 (k — 1)yt

— Tmax \ 75 2€6x + €r +€m

s A-qr (ot

k k

7= gl
T m 1 s m .
+ 7_1(6 +e )+1_7(k+ J(exr + € )}
(24)
m

A.3. The discrepancy factors relying on the model error ¢,, in Theorem 1 and
those in Theorem 2

PROOF OF COROLLARY 1:

Proof Let the terms relying on €, in Ctyn; as Cthim,. Let the terms relying on e, at
k=1in CTh2 as CThQ,m~
By Theorems 1 and 2,

2v€m,
CThl,m = Tmax m .

CThQ,m = Tmaxli2€m- (26)
-
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Given that v € [0,1), Tmax > 0 and €,, > 0,

—27%¢
Cth2,m — CThiym = Tmax(l;yi,y;; (27)

<0.

A.4. Baseline methods for our experiment

PEARL: The model-free meta-RL method proposed in Rakelly et al. (2019). This is an off-
policy method and implemented by extending Soft Actor-Critic (Haarnoja et al., 2018). By
leveraging experience replay, this method shows high sample efficiency. We reimplemented
the PEARL method on TensorFlow, referring to the original implementation on PyTorch
(https://github.com/katerakelly/oyster).

Learning to adapt (L2A): The model-based meta-RL proposed in Nagabandi et al.
(2019a). In this method, the model is implemented with MAML (Finn et al., 2017) and the
optimal action is found by the model predictive path integral control (Williams et al., 2015).
We adapt the following implementation of L2A to our experiment: https://github.com/
iclavera/learning_to_adapt

A.5. Environments for our experiments

For our experiments in Section 7, we prepare simulated robot environments using the Mu-
JoCo physics engine (Todorov et al., 2012):

Halfcheetah-fwd-bwd: In this environment, policies are used to control the half-cheetah,
which is a planar biped robot with eight rigid links, including two legs and a torso, along
with six actuated joints. Here, the half-cheetah’s moving direction is randomly selected from
“forward” and “backward” around every 15 seconds (in simulation time). If the half-cheetah
moves in the correct direction, a positive reward is fed to the half-cheetah in accordance
with the magnitude of movement, otherwise, a negative reward is fed.

Halfcheetah-pier: In this environment, the half-cheetah runs over a series of blocks that
are floating on water. Each block moves up and down when stepped on, and the changes in
the dynamics are rapidly changing due to each block having different damping and friction
properties. These properties are randomly determined at the beginning of each episode.
Ant-fwd-bwd: Same as Halfcheetah-fwd-bwd except that the policies are used for con-
trolling the ant, which is a quadruped robot with nine rigid links, including four legs and a
torso, along with eight actuated joints.

Ant-crippled-leg: In this environment, we randomly sample a leg on the ant to cripple.
The crippling of the leg causes unexpected and drastic changes to the underlying dynamics.
One of the four legs is randomly crippled every 15 seconds.

Walker2D-randomparams: In this environment, the policies are used to control the
walker, which is a planar biped robot consisting of seven links, including two legs and a
torso, along with six actuated joints. The walker’s torso mass and ground friction is ran-
domly determined every 15 seconds.


https://github.com/katerakelly/oyster
https://github.com/iclavera/learning_to_adapt
https://github.com/iclavera/learning_to_adapt
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Humanoid-direc: In this environment, the policies are used to control the humanoid,
which is a biped robot with 13 rigid links, including two legs, two arms and a torso, along
with 17 actuated joints. In this task, the humanoid moving direction is randomly selected
from two different directions around every 15 seconds. If the humanoid moves in the correct
direction, a positive reward is fed to the humanoid in accordance with the magnitude of its
movement, otherwise, a negative reward is fed.



HIiRAOKA IMAGAWA TANGKARATT OSA ONISHI TSURUOKA

A.6. Complementary experimental results

Halfcheetah-pier -
Halfcheetah-fwd-bwd p Walker2D-randomparams
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Foo—— |
-6
-10 - 8
Training samples 10
=—Trial-1 ==Trial-2 ==Trial-3 Trial-4 ==Trial-5 ——Trial-1 =Trial-2 =——Trial-3 Trial-4 ==Trial-5 ——Trial-1 ==Trial-2 =—Trial-3 Trial-4 ==Trial-5
Ant-fwd-bwd Ant-crippled-leg Humanoid-direc
0 0 0
5 1 10 19 28 37 46 1 10 19 28 37 46 1 10 19 28 37 46
2
-4
-3
6 -4
8 -8 5
——Trial-1 ==Trial-2 =—Trial-3 Trial-4 ==Trial-5 =——Trial-1 ==Trial-2 =——Trial-3 Trial-4 =—Trial-5 ——Trial-1 =—Trial-2 —Trial-3 Trial-4 =—Trial-5

Figure 11: Transition of model errors on training. In each figure, the vertical axis represents
empirical values of ¢, and the horizontal axis represents the number of training
samples (x1000). We ran five trials with different random seeds. The result of
the z-th trial is denoted by Trial-z. We used the negative of log-likelihood of
the model on validation samples as the approximation of €,,. The figures show
that the model error tends to decrease as epochs elapse.
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Figure 12: Transition of policy divergence on training. In each figure, the vertical axis
represents empirical values of €; and the horizontal axis represents the number
of training samples (x1000). We ran three trials with different random seeds.
The result of the z-th trial is denoted by Trial-z. For €., we used the empirical
Kullback-Leibler divergence of mg and wp. Here, mp has the same policy network
architecture with 7y and is learned by maximum likelihood estimation with the
trajectories stored in Deyy.
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Figure 13: Learning curve of PEARL and M3PO in a long-term training. In each figure,
the vertical axis represents expected returns and the horizontal axis represents
the number of training samples (x50000). The policy and model were fixed
and their expected returns were evaluated on 50 test episodes at every 50,000
training samples. Each method was evaluated in three trials, and the result of
the z-th trial is denoted by method-z. Note that the scale of the horizontal
axis is larger than that in Figure 7 by 50 times (i.e., 4 in this figure
is equal to 200 in Figure 7).
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Figure 14: Comparison of GHP-MDP (Algorithm 1 in Perez et al. (2020)) and M3PO.
The figures show learning curves of GHP-MDP and M3PO. In each figure, the
vertical axis represents expected returns and the horizontal axis represents the
number of training samples (x1000). GHP-MDP was evaluated in two trials,
and each trial was run for three days in real-times. Due to the limitation of
computational resources, we could not run this experiment as many days and
trials as other experiments. The expected returns of GHP-MDP in each trial
(denoted by “Trial-1” and “Trial-2”) are plotted in the figure. The results of
MS3PO is referred to those in Figure 7. From the comparison result, we can see
that M3PO achieves better sample efficiency than GHP-MDP.
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A.7. Hyperparameter setting

Table 2: Hyperparameter settings for M3PO results shown in Figure 7.

»n
g
~o g
2 3
AEINEIRE
2| 5| El 3|2 5
Tl E|22]A T
g1 &8 | =l &l g
£ £ |< |2 |E =
N epoch 200
FE | environment step per epoch 1000
M model-based rollouts le3 oe2 | 1le3 He2
per environment step
B ensemble size 3
G policy update 40 20
per environment step
k | model-based rollout length 1
L history length 10
network architecture GRU (Cho et al., 2014) of five units for RNN.
MLP of two hidden layers of
400 swish (Ramachandran et al., 2017) units for FFNN
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Table 3: 8 settings for results shown in Figure 15. a — b denotes a thresholded linear
e—a )7 0)

function, i.e., at epoch e, f(e) = min(max(1 — =5,

Walker2D-randomparams

Halfcheetah_pl'er
Humanoid—direc

A3 | mixture ratio | 80 — 130 | 50 — 100 | 150 — 250

A.8. M3PO with hybrid dataset
In Figures 7 and 13, we can see that, in a number of the environments (Halcheetah-pier,
Walker2D-randomparams, and Humanoid-direc), the long-term performance of M3PO is
worse than that of PEARL. This indicates that a gradual transition from M3PO to PEARL
(or other model-free approaches) needs to be considered to improve overall performance.
In this section, we propose to introduce such a gradual transition approach to M3PO and
evaluate it on the environments where the long-term performance of M3PO is worse than
that of PEARL.

For the gradual transition, we introduce a hybrid dataset Dyyy,. This contains a mixture
of the real trajectories in De,, and the fictitious trajectories in Dyodel, On the basis of

mixture ratio 8 € [0,1]. Formally, Dy« is defined as

Dhyb = B * Dimodel + (1 - /8) * Deny- (28)

We replace Dpodel in line 11 in Algorithm 2 with Dyyy,. We linearly reduce the value
of B from 1 to 0 in accordance with the training epoch. With this value reduction, the
M3PO gradually becomes less dependent on the model and is transitioned to the model-

free approach.
We evaluate M3PO with the gradual transition (M3PO-h) in three environments (Halfcheetah-

pier, Walker2D-randomparams and Humanoid-direc), in which the long-term performance
of M3PO is worse than that of PEARL in Figures 7 and 13. The hyperparameter setting
(except for the setting schedule for the value of ) for the experiment is the same as that
for Figures 7 and 13 (i.e., the one shown in Table 2). Regarding the setting schedule for
the value of 3, we reduce it in accordance with Table 3. Evaluation results are shown in
Figure 15. We can see that M3PO-h achieves the same or better scores with the long-term

performances of PEARL in all environments.
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Figure 15: Learning curve of PEARL, M3PO, and M3PO-h in a long-term training. In
each figure, the vertical axis represents expected returns and the horizontal axis
represents the number of training samples (x50000). The policy and model
were fixed and their expected returns were evaluated on 50 episodes at every
50,000 training samples. Each method was evaluated in three trials, and the
result of the x-th trial is denoted by method-z. Note that the scale of the
horizontal axis is larger than that in Figure 7 by 50 times (i.e., 4 in
this figure is equal to 200 in Figure 7).
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A.9. The effect of model adaptation

In this section, we present a complementary analysis to answer the question “Does model
adaptation (i.e., the use of a meta-model) in M3PO contribute to the improvement of the
meta-policy?”.

We compare M3PO with Model-based Meta-Policy Optimization (M2PO). M2PO
is a variant of M3PO in which a non-adaptive transition model is used instead of the meta-
model. The model architecture is the same as that in the MBPO algorithm (Janner et al.,
2019) (i.e., the ensemble of Gaussian distributions based on four-layer feed-forward neural
networks).

Our experimental result indicates that the use of a meta-model contributes to perfor-
mance improvement in some of the environments. In Figure 16, we can clearly see the
improvement of M3PO against M2PO in Halfcheetah-fwd-bwd. In addition, in the Ant
environments, although the M3PQO’s performance is seemingly the same as that of M2PO,
the qualitative performance is quite different; the M3PO can produce a meta-policy for
walking in the correct direction, while M2PO failed to do so (M2PO produces the meta-
policy “always standing” with a very small amount of control signal). For Humanoid-direc,
by contrast, M2PO tends to achieve better sample efficiency than M3PO. We hypothesize
that the primary reason for this is that during the plateau at the early stage of training
in Humanoid-direc, the model used in M2PO generates fictitious trajectories that make
meta-policy optimization more stable. To verify this hypothesis, we compare TD-errors
(Q-function errors), which are an indicator of the stability of meta-policy optimization, for
M3PO and M2PO. The evaluation result (Figure 17 in the appendix) shows that during the
performance plateau (10-60 epoch), the TD-error in M2PO was actually lower than that in
MB3PO; this result supports our hypothesis. In this paper, we did not focus on the study of
meta-model usage to generate the trajectories that make meta-policy optimization stable,
but this experimental result indicates that such a study is important for further improving
M3PO.
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Figure 16: The learning curve of M3PO and M2PO. In each figure, the vertical axis repre-

sents expected returns and the horizontal axis represents the number of training
samples (x1000). The meta-policy and models were fixed and their expected
returns were evaluated on 50 episodes at every 1000 training samples for the
other methods. In each episode, the task was initialized and changed randomly.
Each method was evaluated in at least five trials, and the expected return on the
50 episodes was further averaged over the trials. The averaged expected returns
and their standard deviations are plotted in the figures.
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Figure 17: The transition of TD-errors (Q-function error) on training. In each figure, the

vertical axis represents TD-error and the horizontal axis represents the number
of training samples (x1000). We ran ten trials with different random seeds and
plotted the average of their results. The error bar means one standard deviation.
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