A Wasserstein Distances

Definition 5 (Wasserstein metric [50]). Letd : X x X — [0,00) be a distance function and ) the
set of all joint distributions with marginals p and X over the space X ;

P

W@ ) = (88 B el ) (13)

Definition 6 (Dual formulation of the Wasserstein metric [50]). Let d : X x X — [0,00) be a
distance function, and | and \ marginals over the space X;

=

Wp(d)(:uv/\):< sup Exlw[cb(l‘l)]+Ex2~x[¢(x2)]> ; 19)

DY <dr
where § @1 < 4 <= ¢(z) + b(y) < d(z,y)", ¥(z,y) € X x X.

This dual formulation takes a simple form for p = 1:

Wi(d)(pu,A) = sup  Egou[f(21)] = Egyrlf(22)], (20)
feLip, 4(X)

where Lip; ;(X) denotes 1-Lipschitz functions f : X — R such that | f(z1) — f(22)|< d(z1, z2).
Note that the 2-Wasserstein metric Wa(||-||2) (or simply W>) has a closed-form for Gaussians [35]:

Wa N (i Z6), N (g, 25))2 = s — w5113 + 15 — 551 %, (21)

where ||-|| 7 denotes the Frobenius norm. We can observe that for point masses (i.e., ¥;, £; — 0), the
2-Wasserstein metric is equivalent to the Euclidean distance between the two points.

Lemma 4 (p-Wasserstein Inequality [50]). For any two distributions p, A\, if p < q:

Lemma 5 (Bounds on Wasserstein distances [41]). For any two distributions i, A over a space X,
forallp > 1:

Wi (2. 2) < Wyl A) < diam(X) 5 Wi (2, A) 7. (23)

B Proofs
Remark 1. If p = 1, or both the environment and policy are deterministic, Al holds.

Proof. The existence proof is virtually identical to the proof of Thm. 3.12 of [14], except it discards
maxae 4 Operations in favor of expectations under a policy . We need to show that the following
fixed-point update is a contraction:

F(dr)(sis85) = crlri —rf| + cxWy(dx)(P"(-[s:), P"("[s;)),
and invoke the Banach fixed-point theorem to show the existence of a unique metric.

First, consider the case where p = 1:

(
Wi(dr — dy + di ) (P™([si), P™(-[s5)) — Wa(d) (P™ (+[s:). P™ ("[s;)))
Wi(lldr = drlloc + d7)(P™(+[8:), P™(:[s5)) — Wi(dr) (P™(+[s:), P™(-[s;)))
(P™(-[8:), P™(:[s5)) — Wi(dy)(P™(-[s:), P™(-[s;)))
= cr|ldx — dt]|oo, V(siysj) €S X S.

8j
For cr € [0, 1), there exists a unique fixed-point due to the Banach fixed-point theorem.
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Next, we consider the case where both P and 7 are deterministic, such that P™ is a delta distribution.
Observe that for point masses, W, (d)(d(s;), d(s;)) = d(s;,s;), due to Definition 5 of the Wasserstein
metric. Then:

F(dr)(si:85) — F(dr)(si,85) = ex (Wy(dx)(P7([8:), P (-[8;)) — Wy (d) (P (:[si), P™(-]s;)))
= cr(dr(s},s}) — d (s, 8}))
<crlde — dylloo, V(si,sj) €S X S.

Then, fixed point iterations that update the metric as d™ 1 (s;,s;) + F(d™)(s;,s;) will converge
for finite MDPs. u

Lemma 6 (p-Wasserstein value difference bound). For an on-policy bisimulation metric given by Eq.
(6), for any cr € [y,1) and p > 1, the bisimulation distance between a pair of states upper-bounds
the difference in their values:

crlV™(s;) = V™ (s;)| < dr(siys;), V(si,sj) € S xS. (24)

Proof. The proof follows similarly to the proofs of Thm. 5.1 of [13] and Thm. 3 of [10]. We will
prove by induction. Consider the following updates:

V(nJrl)(Si) =77 + ,Y/ PW(S/|Si)V(n)(S/)dS/
s'eS
d" (s, 85) = crlrf — 7| + erW,o(d{)(P™(]s:), P™ (:s;))-
We need to show that the following holds for all n € N:
cr ‘V(”)(si) - v<">(sj)\ < d"(s;,8)), Y(si,8;) € S x S.
Then, Eq. (24) holds by taking a limit n — co. The base case holds since:
’V(O V(s ‘ = dO(s;,s;) = 0, ¥(si,8;) € S x S.

In the general case:

cr|VU Y (si) = VO (s))| = er fr

— 17 +7/ (P (s'|si) — P (s'[s;)) V™) (s')ds’
s’eS

<cgr|r] —rﬂ + crYy

[ P = P VO s

:cR|rf—rﬂ +cr

[ ) = P v s
s'eS

Notice that by the induction hypothesis, cgV (™) (s) is a 1-Lipschitz function with respect to the
distance function dﬁ!‘), ie., cpV (™ (s) € Lip, ;v Then, since v < cr by assumption, %V(”) (s)
is also 1-Lipschitz. Using the dual form of the W metric in Eq. (20):
cr|VOT D (s;) = VO (s))] < e |rf — 17|+ er Wi (dS)(P™(-Is:), P™(-]s;))
< cr|rf — 17|+ exWy(d2) (P (-|si), P™(:[s;))
— d7(rn+1)

)

where the last inequality is due to Lemma 4. |

Lemma 7 (Value function difference bound for different discount factors [37]). Consider two
otherwise identical MDPs with different discount factors y1 < 2, and a bounded reward function
R € [0,1]. Let V' denote the value function for policy m given discount factor -y.

’VQ(S)—VQ(S)‘ < L%,VSES. (25)
Proof. See Thm. 2 of [37]. -
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Theorem 1 (Generalized value difference bound). Let the reward function be bounded as R € [0, 1].
For an on-policy bisimulation metric given by Eq. (6), for any ¢y € [0,1) and p > 1, define
¥ = min(er, ). Given Al, the bisimulation distance between a pair of states upper-bounds the
difference in their values:

9 =
crlV™(s:) —V™(s;)| < dx(siys;)+ (1_013()7(1_7;), V(s;i,85) €S % S. @)

Proof. A bisimulation metric with ¢y < 7 can be viewed as approximating a value function for
another MDP with 7/ = ¢r. We will make use of this view and apply Lemma 6 with Lemma 7 to
derive the above relation.

First, note that by Lemma 6:
cr|VE (i) = VEL(s5)] < dr(siss;), V(si ;) €S xS
Then;
cr|V™(8i) = V7(8))| = cr [V (8i) = VI (s0) + VI (s0) = V7 (s5) + VI (85) — VI (s5)]|

< cr ([V7(si) = VL () [+V7(s5) = V() [+IVE (s1) — VT (s5)])
< dn(si,85) +cr (V7 (1) = VE(s) |+ V™ (s5) — VEL(s5)])

. 2¢g(y —er)
=) T e

where the last inequality is due to Lemma 7. Due to Lemma 6:

crlV™(si) = V7(s;)| < dn(sirs;) + 26’(*1(7__7;2%0;; ) (26)

Lemma 8 (On-policy VFA bound). Let the reward function be bounded as R € [0,1]and ® : S — S
a function mapping states to a finite partitioning S such that O(s;) = O(s;) = dr(si,s5) < 2
which produces an aggregated MDP <S A, PR, po)- Forer € [v,1):

2e

[V7(s:) = VT(@(s1))] < r(l=7)’

Vs; € S. 27)

Proof. Let £ be a measure on S. Given a partition ®(s) € S. ,1.e., a set of points in S clustered in an
e-neighborhood such that £(®(s)) > 0, we can define the reward function and transition probabilities
of a ¢-average finite MDP as in Thm. 3.21 of [14]:

rr s)) = 1 r"(z Z
(@ ))—WS)) /( (1)),
P (@ (s))|B(s)) = / P (D (s')|2)de (z).
z€<I>(s

13



Then,
V™ (s) — V™ (2(s))]
r7(s) — 7" (®(s)) + / P”(S’IS)V”(S’)dS’—v/73"(q’(S’)|<I>(S))‘7”(<I>(S’))d¢(8’)

s’eS

B(s')eS
]. iy _rﬂ'z s ™ 71- / S/ z
= @) @/()"“ (&) = (&)l + / TSIV /P VT (®(s)d(s") | de(z)
1 T —r™ (g ﬂ' s ™ T S/Z T S/ S/ z
<qamy | E-r@iea| [ PV - P @) | dele)
2€0(s) s'es
: 4 —r™(z 0 ™ sds' z
= {@E) / |77 (s) = " (2)] + /P () = P (s/|2)V™(s)ds’ | de(2)
z€P(s) s'eS
1 i S/Z ™ S/ _~7r S/ S/ 7z
+rym e<1>/(s) /s/esp (=1 )<V (87 = V(o ))>d d<(2)
1 (s) —r"(z T(s'|s) — P™(s'|z)) V7 (s')ds' | dE(z
= {06 / Ir"(s) = r(z)| + /U’(I) P7(s'|2)) V™ (s')ds'| d¢(z)
z€d(s) s'eS
VT =V
Cél () — (7 c I S/S DT S/Z @ T S/ S, z
sg(q)(S))ze!(S)CR|r<> (@) +er S’ZS@( )~ P7(s') V(6| dete

VT = V7|,

where ||-|| 18 the supremum norm over S. Due to Lemma 6, cgV (s) is a 1-Lipschitz function with
respect to the distance function d. Then, since v < cr by assumption, <1 V( ) is also 1-Lipschitz.
Using the dual form of the W; metric:

T(s) — V™ (d(s 73 crlr™(s) —r™(z cr Wy T(s'|s), P (s'|z z
V) - @) < s [ enle™(6) = @)+ erWalde)(PTSS). P ) dela)

z€d(s)

VT =V

CoH ~
<cEs [ dlsme@) V-
£(®(s))
zEP(s)
< cpl2e+A||VT — V7o
Thus, taking the supremum on the LHS over the state space S:

2e

[V7(s) = VT (®(s))|< m’

Vs € S.

|
Theorem 2 (Generalized VFA bound). Let rewards be bounded as R € [0,1] and ® : S — Sbhea
function mapping states to a finite partitioning S such that ®(s;) = ®(s;) = d(s;,s;) < 2¢, which
produces an aggregated MDP (S, A, P, R, po). For any cp € [0,1), let ¥ = min(cr, ). Given Al,

0 T s 2e 2(777) S
[V7T(s) = VT (®(s))| < cR(1—7)+ s T Vs € S. (8)
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Proof. Due to Lemma 8,

2e
cr(l—1")’
where V. denotes the expected value under a policy 7 for a discount factor ~'. Then, for ¢y < 7:

V™ (s) — V™ (®(s))] = [V™(s) — V™(®(s)) + V(D(s)) — VI.(D(s)) + VL.(s) — V. (s)]

S |VE(8) =V (R(S)) + [VT(s) = VL (s)] + [VT(2(s)) = ViL(2(5))]
2e ~ ~
< — VTi(s)—-V. VT (P - VI (P
< ey VO VR ITT() - V()
< 2¢ n 2(y —cr) ’
crl—cr)  (1—=7)1-cr)
where the second and third inequalities are due to Eq. (28) and Lemma 7 respectively. For v < cp,
we recover Lemma 8, hence, for all e € [0, 1):

VZ(s) — VE(®(s))|< (28)

~ 2¢ 2(y — min(er, 7))
VT(s) = VT (®(s)) < - + , Vs € S.
VI = VIREN < S T minten ) T A= —er)
]
Lemma 1 (Diameter of S is bounded). Letd : S x S — [0, 00) be any bisimulation metric:
diam(S;d) == sup d(s;,s;) < R (Rmax — Rmin)- 9)
Si,SjESXS 1 —Cr

Proof. This lemma is a slight generalization of the distance bounds given in Thm. 3.12 of [14], and
the proof follows similarly:

d(si,s;) = max (cr|R(si, a) — R(sy,a)| + cxWi(d)(P([si,a), P([s;,2)))
< cr(Rmax — Rmin) + cpdiam(S; d), V(s;,s;) € S x S,
due to Lemma 5 (upper bound as p — o). Then,
diam(S; d) < cr(Rmax — Bmin) + crdiam(S; d)

R (Rmax - Rmin)-

<
1—CT

Theorem 3 (Boundedness condition for convergence). Assume S is compact. If the support of an
approximate dynamics model P, i.e., ' = supp(P), is a closed subset of S, then there exists a
unique on-policy bisimulation metric d of the form Eq. (10), and this metric is bounded:

R (Riax — Runin)- (11)
T

supp(P) C 8 = diam(S; d,) < T

Proof. The existence proof is virtually identical to the proof of Remark 1, except it replaces P with
an approximate dynamics model P. This is possible since S is compact by assumption such that
supp(P) C S is also compact:

F(dr)(si,s5) — F(dy)(si,85)
r (Wilde) (P (Js:). P7(ls;)) = Wa(d) (P™([s:), P™ () )
Wi(ds = di + ) (P7(1s:), P ([s;)) = Wi (d) (P (lsi) P™([s,))

cr

IN
Q

T

/N N

Willldr = dilloc + d)(B™ ([5:), P (s5)) = Wi(d)(P™ (Js:), P (Isy)))

IN

e (Ids = dllo + WA )(BClso), P (1) — Wa(d2) (P (si). B (1)
= crlldr — dr [ oo V(si,sj) €S xS,
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which implies F is a cy-contraction. It remains to prove that the distance is bounded. First, note that
due to Lemma 5:

supp(73) CS= sup Wp(c?ﬂ)(ﬁ”(-|si),73”(~|sj)) < diam(S;J,r), vp>1. (29)
S;,S;ESXS

Then, similarly to Lemma 1,

dx(si,55) = crlrf =17 + cxWy(dx)(P™([s:), P™(s;))
< cr(Rmax — Bmin) + crdiam(S; Jﬂ), V(s;i,85) €S xS,
which implies,

dlam(sa C/i\ﬂ') S CR(RInax - anin) + CTdiam(S; C/i\ﬂ-)

CR
< Rmax - Rmin .
S ]t )

Lemma 2 (A reason for caution in on-policy bisimulation). On-policy bisimulation metrics of the
form Eq. (6) have an upper bound determined by their policy:

diam(S; d,) < 1 ¢

suplr — 77|, (15)
—CT iy

J

Proof. In the on-policy case, the bound in Lemma | can be much tighter depending on the policy:
dr(siys;) = crlri — 17| + cxWildr)(P™(-[si), P™(:ls;))
< cgsup|r] — 7| 4 cpdiam(S;dx), V(si,s;) € S x S.
As before,

diam(S; d,) <

R
suplry —r7|.
1-— cr

]

Lemma 3 (Relating collapse and low-dispersion rewards). Assume deterministic transitions and the

existence of a stationary distribution p, over states. Given a bisimulation metric of the form Eq. (6):
CR

™ = — 71'-. 17
Hpa 1_CTMrd amn

Proof. For point masses, Wy(d)(6(s;),d(s;)) = d(ss,s;):

dr(si;85) = cr|r] — 77| + ch,r(sg,s;»).

Simply taking an expectation under »™, due to the stationarity assumption:
Iba = CRHyq + CT g

CR
1*CT

T
Hrg-

C Notes on Reward Scale, c; and cr

In recent work [10, 17, 53], various forms of bisimulation metrics have been presented with different
scaling constants; (cg = 1 — ¢, cp = ¢) as in Definition 1, and (cg = 1, ¢y = 7y) as in Definition
2. Here, we aim to add clarity to the effect of these choices and how they relate to the reward scale.
First, note that due to Lemma 1, setting cg = 1 — ¢ serves to ensure that d € [0, 1] when the reward
range is specified as (Rmax = 1, Rmin = 0) as in [13, 14].
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Corollary 1 (Policy-independent mean and variance bounds). Due to Lemma 1, the first two moments
of the random variable given by bisimulation distance have the following bounds independently of
any policy 7:

R(Rmax - Rmin)
2(1 — CT)

Conversely, if (cg = 1,er = ) as in Zhang et al. [53], the formulation allows large distances
between embeddings since «y is commonly set to a value close to 1. Large pairwise distances imply
large norms and high variance (see Corollary 1), which may cause instabilities in optimization
(especially in the absence of norm constraints), considering the compactness conditions discussed in
Sec. 3.2.2.

Definition 7 (Variance of distances and reward differences). Given a stationary distribution p™ over
states, and V™ the distribution over pairs of states, (s;,s;) sampled independently from p™ :

(074)" = V(s 55 [d7 (55,5;)] (070)* = Vs, sy 1T =771 (32)
Proposition 1 (On-policy variance bound). Assume a deterministic environment. Given cp €
[0,4/0.5), the variance of the optimal on-policy bisimulation distance for an objective of the form Eq.
(3) can be upper-bounded as follows:

2c2 2 (1= 2cr)?
T \2 R T \2 R
o < o, +
(080" < g (oF) + s
while for all ey € [0,1), the bound in Eq. (31) applies.

C2R(Rmax - Rmin)2
4(]. — CT)2

C
fiba < . (G0 o2y < (31)

(17a)?, (33)

Proof. Given a deterministic environment:
T sy / I
dr(siy85) = cr|r] — 17| + crda(s;,s}).
Then,

(Ul?d)Q = E(Si,S_j)Mﬂ' [dx (s, Sj)Q] - (Mgd)Q
<9 2 T \2 T \2 2 2 ™ 2+ T™N\2\ T \2
< 2cp((079)” + (ra)7) + 27 ((05q)° + (16a)") — (Hpa)™

When ¢ > +/0.5 (as in Zhang et al. [53]), the above bound is loose. However, ¢ < /0.5 provides
a convenient upper bound:

(05a)” < 1 52 ((07)* + (172)%) — (150)?
— 2,
2cj, 2 k(- 2cr)” 2
= 0': + ,LL: )
1—26%( d) (1—26%)(1—CT)2( d)
where the equality is due to Lemma 3. ]

Tighter bounds on the variance of the on-policy bisimulation metric may be important, since the
statistics of 7™ undergo change throughout training between policy updates. Hence, it is desirable to
remove the dependence of the bound from the p, term with a choice of ¢ = 0.5, such that tighter
bounds can be obtained. This choice renders the formulation more robust to changes in the scale of
the expected rewards. The resulting bound for ¢z = 0.5 has a simpler form:

(Ugd)2 < 40%%(0;21)2 < C?%(Rmax - Rmin)2~ 34

Indeed, in Figure 4, we show that such a choice can stabilize the DBC [53] algorithm significantly,
resulting in higher overall performance.

D Value Bounds with Model Error

Our goal in this section is to characterize the errors induced by using approximate dynamics and an
imperfect encoder, with respect to estimating both the ground-truth on-policy bisimulation metric, as
well as preserving the value function with the encoded state.

For this section, we first remark on the difference between three forms of the PBSM, for some fixed
policy 7:
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Figure 4: Performance on the Sparse Cartpole task, comparing the standard DBC algorithm (using

cg = 1.0 and ¢y = ~y) with an alternative weighting formulation (denoted “DBC-alt”), where

cr = 0.5 and ¢y = 0.5. For this task, the alternative weighting formulation is much more robust to

reward sparsity. Shaded bars are standard errors over 10 seeds.

* dx(s;,s;) is the ground-truth bisimulation metric, defined as the fixed point of the operator
defined in Assumption 1 (when it exists uniquely).

o dr(si,sj; 73) is the fixed point of the same operator but with approximate dynamics (i.e.,
using P and 7™ instead of the true P and r™; we leave out conditioning on 7™ for brevity).

. c?,w(si, s;) = ||¢(si) — ¢(s;)||q is a non-negative function of states, dependent on an
encoder function ¢. For example, ¢ may be produced by a metric learning process, such as
by stochastic minimization of the objective in Eq. 3.

Notice that, if we attempt to learn ¢ with a metric learning process based on approximate dynamics,
then the best we can do is obtain cﬁw — d,r, which can still have some irreducible error. On the other
hand, even with perfect approximate dynamics, the metric learning process may be incomplete, mean-
ing g,w) #* c?,r. We therefore hope to characterize the error into two types: dynamics approximation
error and metric learning error.

Next, we define three types of model errors, relating to the quality of encoding and forward dynamics
prediction (in terms of state and reward).

Definition 8 (Model and Encoder Errors). The bisimulation distance approximation error £y, transi-
tion probability error Ep, and reward prediction error &, are given by

Eo = 1ro — dllc 39

Ep = Sup W, (o) (P (15), P (13) (36)
se

£ = I — 17 G7

where ||-||0o is the supremum (or uniform) norm over states and d. is the fixed-point bisimulation
metric with the W, distance defined by using P™ and 7™, instead of the true dynamics P™ and r™."

Note that we have defined our forward dynamics model errors here irrespective of ¢ (i.e., it may be
used by P and/or 7™, or not). Our goal is to use these errors to bound the difference in the MDP value
function induced by the approximate nature of the environmental model and state encoder. First, we
consider how the model errors affect the optimal policy-dependent bisimulation distance that we can
obtain given our approximate forward dynamics.

"Firstly, note that for stochastic reward signals and/or policies, this is a difference between expectations,
meaning that there could be sampling noise. Otherwise, for the DBC use case, the observed reward collected by
the agent is used for training (meaning there will be zero modelling error for the reward term when computing
d between observed states). Nevertheless, given a reward model, c/l\,w, and d; can still be queried for states
where the ground truth reward (or reward distribution) may not be known.
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Lemma 9 (Bisimulation distance error). Let ¢ € [0,1) and cg > 0. Assume supp(P) C S and
1 —cra, > 0. Then

~ 2 2
s — Ao < — 2B g, 4 2T g Crlp = g5 (38)
1—cra, 1—cra, 1—cra,
where a, = 20=1/P gnd diam(S;d,) < 1f—IZT(RmaX — Ruin) by Theorem 3.

Proof. We can first use the triangle inequality to bound the difference between reward distances:

lri —rf| <|ri =70 | Hr] =TS E+ &+ 7] 7]
so that |rT — r;-r|f|r =77 rTI< & + & Symmetrically, we can show that |77 — ?;“|f\rf — ’I';»T|§ 28,
as well. For notational clarlty, let a, = 2P=Y/P and W, (dr, P™) := W, (d)(P™(-|s:), P™(-s;)),

as well as similarly for W, (d., 73”) and W, (dy, PT).
First, by the Wasserstein triangle inequality [11], as for the reward difference:
W, dﬂ,P”) Wy (dr, P™)|< 2Ep. 39)

Second, the convexity of dP implies that,

Wp(Hdw —dr||lootdr, P™) = (uirelgE(Smsj)Nw[Hdﬂ - d7r||oo+d7r(siasj))p]>

S

> <1nf 2Pt (sl,sJ ~w[(|‘d _d Hp +dr (S“SJ)p}>

wEN
< a, (|lds — &L+ WE(d 7))
< ay ([llds - dulloo Wy, P7)]")
= ap (|ldn = dalloc+ Wy (ds, P7) ) . (40)
Third, recall that when supp(73) C S, due to Lemma 5, we have:
Wy(dr, P™) < diam(S; dr). (41)
Then, the difference in distances can be bounded by:
Wy (e, P™) = Wy(dr, P™)]
< |W, (dﬂ,P”) (dﬂ,P”)\ + |[Wy(dr, P™) — (dﬂ,P’r)|
< Wy (dn, P™) — W, (dr, P™)| + 2Ep By Eq. 39
= W, (dr — dy + ds, P™) — Wy (dr, PT)| + 2Ep
< Wy (|ldr — drlloo+dn, PT) = Wy(ds, P™)| + 265
= [Wy(||dr = drllootdn, PT) = Wy(ds, P™)| + 2p
< ap||dr — drl|oo+apWy(de, PT) — Wy(dn, P™)| + 2Ep By Eq. 40
< ap||dx — dy||oo+lap — 1)diam(S; d) + 2Ep. By Eq. 41

We can then plug these into the difference between the true and approximate policy-dependent
bisimulation distances:

Fr— 77| +0T’W (de, P™) — W, (dy, P)

K3

|d7T(S¢,Sj) - dﬂ-(Sz‘,Sj)| S CR Hrlﬂ - r;"|,‘

< 2¢cg€ +or |ap|ldr — ﬂ||oo+[ap — 1]diam(S;d,) + 2873)

ldx — oo < 2¢REr + 2¢0Ep + crap||ds — dr||ootcrla, — 1]diam(S; dy)

~ 2 2 -1
e — oo < —2 ¢, P R PN
1—cra, 1—cra, 1—cra,
where the second-last inequality follows by taking the supremum over states for both sides. |
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For the remainder of this section, we assume p = 1.

Corollary 2 (Bisimulation distance error with p = 1). Let p = 1, with the remaining conditions as
in Lemma 9. Then

26R 2¢
lldx — dn oo < 5-+ L ep. (42)
1-— 1-— CcT
Proof. Whenp = 1, we have a,, = a1 = 1, giving the expression above. |

This bounds the error between the true on-policy bisimulation distance and the optimal approximate
bisimulation distance (i.e., the best distance function we could hope to achieve with our encoder,
given the error in our forward dynamlcs model) However, ultimately, we wish to bound the error in

the value function in terms of d7T 6> TOt just d (to take the error of the encoder ¢ into account, as
well as that of the dynamics model). First, we can bound the true bisimulation distance in terms of
the encoder and model error as follows:

Lemma 10 (Bound on bisimulation distance with encoder error). Consider the same conditions as
Corollary 2. Then
QCR 2CT

. 4
1 — CT8T+1—CTSP ( 3)

lde = dr gl < € +

Proof.
ldr = dr lloc = lldn = dr. = dr + |
< lldr = drlloe + dr,g = dalloo
< 12_01;& + lz_cTCTsp +&
using Corollary 2 and Equation 35. ]

Thus, if we can relate d. to the value function, we can also do so for c?mb, as a function of model
error.

Finally, we look at bounding the difference in the state value function, using the approximate
bisimulation distance defined through the learned encoder (i.e., our partitioning Z is defined via d ).

Let € be the aggregation radius in ¢-space (meaning the maximum diameter with respect to d. 4 per
partition subset, or equivalence class, is at most 2€):

sup sup ||p(s;) — ¢(s))llq < 2€
2€EZ Si,S;E€Z

Notice that € bounds the maximal diameter of the partition cells with respect to the learned metric,
using ¢, rather than the ground truth bisimulation distance.

Theorem 4 (VFA bound in terms of model error). CoAnsia’er the same conditions as in Theorem 2,
except that cp € [y,1), p =1, and ®(s;) = D(s;) = dr ¢(si,8;) = ||o(s:) — &(s;)|lq < 2€ Then:

~ 1 2CR 2cr
V(s) — VT (D(s))|< ——— (264 € g, &p) . VseS. 14
Vi) - TreE)ls i (2 g 2l e e a9
where £y = ||c?,r’¢ — dor||oo is the metric learning error, &, := ||F™ — r™||o is the reward approxi-

mation error, and Ep 1= supgcg W1 (d=)(P7(:|s), P (-

S)) is the state transition model error.
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Proof. Following the proof of Lemma 8, we have that

(1= )V (s) - V™ (®(s))] < o8 / 0, (5, 2)d¢ (2)
z€D(s)

~

R ;o . ) )
@) / dr o(8,2) + |dr(s,2) — dr 4(S,2)| 0 d€(2)
z€P(s) )

—1
CR ,6\
<oy | e
zcD(s)

=cp (26 + L) ()
1 2 2
1 <2€+ Eot —1 g 4 =T 573)

IN

IN

CR 1-—- cr " 1-— cT
where the last line used Lemma 10.
[ |

Rather than bound the ground-truth on-policy bisimulation distance d,, we have instead bound the

estimated distance d 4, using both approximate predictive dynamics and error in the metric learning
process.

Notice that as we shrink the size of the equivalence classes in the partition, so € — 0, we get ® — ¢.
This tells us that information about the value of a state is preserved by the encoder ¢, as long as the
error in the forward dynamics model and metric learning process is small. Further, in the low error
case, if the vectors ¢(s;) and ¢(s;) are close, we are guaranteed they have similar value under ,
with the difference growing only linearly with the error.

Corollary 3 (VFA bound in terms of model error for arbitrary cr). Consider the same conditions
and definitions as Thm. 4, except cr € [0,1). Let ¥ = min(cp, y):

V() V7 (B(s)] < —

2 2 2y —7
_<2€+5¢+ CR g 4 2T 5p>+ (v =) Vs € S.
cr(l—7) (

176'1" lch 17’)/)(1701“)
(44)

Proof. The proof follows similarly to the proof of Thm. 2. Suppose ¢ < 7:

V7(s) = VT((s))] = [V7(s) = VT((s)) + V. (2(s)) — VIT(B()) + VI (5) = VI (5)]
< V() = V(@) + [VT(s) = VE(s)] + [V (2(s)) = VT (2())]

1 R QCR 26T
nd—er) (26+8¢+ 1_CT&+ 1_CT£7>>
+ V() = VE(s)] + [VT(®(s)) — VI (B(s))|
1 R 2cR 2cr ) 2(y—cr)
— 26+ &+ &+ &p | +
cR(l—cT)<6 ¢ 1—cr 1—cTP (1—9)(1—ecr)

where the second and third inequalities are due to Thm. 4 and Lemma 7 respectively. For v < ¢, we
recover Thm. 4, hence, forall ey € [0,1) and s € S:

<

A

- ~ 1 . 2cr 2cr 2(y — min(cr, 7))
V7(s) = V(@) < cr(1 —min(cr, 7)) (26 &+ 1- CTST * 1- chP) * 1-—y)(1—=er)
]

$Notice that using the Equation (T) allows us to recover the value bound with model error from [53]:

[V™(s) — VT (®(s))|< (1725)%, where cp = 1 —c.
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E Experimental Details and Additional Results

E.1 OpenAl Gym
E.1.1 Sparse Noisy Cartpole Additional Details

First, we consider modifications to the Cartpole-vO0 task. In the standard version, the agent receives
a constant reward of +1 at each time-step for as long as the cart-pole system is upright between
[—Bterm, Oterm| degrees. If the pole falls below this range, the episode terminates. To make the task
more challenging, we introduce a second parameter 6,c,, << 0ierm, Such that the agent receives a
reward only if the pole is between [—0..cy, Orew] degrees. We refer to this task as Sparse Cartpole and
set Oyorm = 12° with 0,y = 0.01 Oy - Additionally, we consider a noisy version of Sparse Cartpole
to mimic distractors. In particular, we concatenate an N,,,dim(S)-dimensional vector sampled from
an isotropic Gaussian to the state vector. The resulting task is referred to as Noisy Sparse Cartpole.
Thus, the encoder ¢ must learn to embed functionally similar states in close proximity, despite the
distractions, and maintain a well-behaved embedding, despite reward sparsity. While we provide
sparse reward signals at training time to make the learning problem more difficult, we evaluate the
resulting models in the standard environment based on 6;.,.,,, since this provides a lower variance
return signal and still allows us determine whether the task has been solved.

E.1.2 Noisy Mountain Car Additional Details

We next tested on the Noisy Mountain Car task [32], implemented as MountainCarContinuous-v0
in the OpenAl Gym [7], and modified to concatenate N,,,dim(S) noise dimensions to the observed
state to simulate distraction. Briefly, the agent controls a car that should reach the top of a mountain,
but has an engine of insufficient power to attain it directly. It must therefore learn a sequence of
actions that build enough momentum to complete the task. The reward signal is highly uninformative:
a small negative reward is given at every step, unless the task is solved, in which case a large positive
reward is given. For V,;, > 0, this task has both noisy distractors and high sparsity, making it rather
challenging.

Note that only methods with intrinsic reward were able to solve the task (see Fig. 2 and Fig. 5), and
that DBC without normalization was also unable to complete it. We remark that all methods rely on
the maximum policy entropy RL formulation, which is known to improve exploration [23, 24, 55];
nevertheless, our results suggest that curiosity-driven exploration, induced by intrinsic rewards based
on predictive error, is at least complementary to such techniques.

E.1.3 Sparse Pendulum Task Details

For the Pendulum-v0 task, we implement similar modifications to those in SparseCartpole. The
standard Pendulum task starts with a pole in downright position, and provides negative rewards
proportional to |fpend|, degrees away from upright position. Our SparsePendulum instead provides a
reward of +1 only when the pendulum is between [—6,.cy, Orow] degrees, where 6,.y,, and does not
provide a reward otherwise. NoisySparsePendulum similarly concatenates to state vectors a noise
vector of IV, times the original dimensionality. Note that we evaluate with an environment with
0.ew = 1°, to reduce variance in the evaluation reward.

Results (see Fig. 6) show that our method performs comparably to DBC. In the presence of high
distraction (/V,, = 10), DBC-based approaches can do much better than SAC, which is no longer
able to solve the task.

E.1.4 Plots with Additional Distraction

In Fig. 5, we show results for Sparse Cartpole (left) and Mountain Car (right), with an even higher
level of distraction (N,;, = 3). On Sparse Cartpole, only DBC-normed-IR and DBC-normed-IR-ID
were able to solve the task, with the latter being slightly more stable, while DBC-normed performed
significantly better than any methods without normalization. On Mountain Car, all methods struggle
to solve the task at this level of distraction; however, DBC-normed-IR-ID performs significantly
better than the others, showing the utility of the inverse dynamics regularization.
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Figure 5: Additional plots on Sparse Noisy Cartpole (left) and Mountain Car (right) at high distraction
(V,, = 3). Shaded bars are standard errors over 10 seeds.
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Figure 6: Results on the Sparse Pendulum task with differing levels of distraction and sparsity (shaded
bars are standard errors over 10 seeds).
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E.1.5 Hyper-parameters and Architectures for OpenAl Gym Tasks

All models use the code generously released alongside the DBC paper [53] (CC-BY-NC 4.0 licensed),
with default hyper-parameters and architectures according to the released code, unless otherwise
specified. DBC and our modifications of it are all built on top of the Soft Actor-Critic implementation
therein. Actor, critic, and encoder learning rates were all 0.001, using the Adam optimizer. A replay
buffer of 50K was used, with a batch size for all training steps of 512. All encoders were implemented
as multilayer perceptrons (MLPs) with four layers, except for the SparsePendulum task where two
layers were used for all normalized approaches (unnormalized DBC still performed better with four).
Encoder feature dimensionality was set to dim(¢(s)) = 50. When inverse dynamics prediction was
needed, we implemented g; as an MLP with two hidden layers (of size 256 and 128), with ELU

activations. Note that for the predictive approximate transition model P, we use a deterministic
predictor. Following the implementation of [53], distances in reward and predicted encoded state, for
the bisimulation metric, were computed with a Huber loss, defining the value of ¢ as a function of
the distance. However, embedding normalization was computed with the Ly norm. A discount of
~ = 0.99 was always used. In all tasks, rewards are bounded as R € [0, 1].

We remark that all evaluation rewards in plots (per seed) are computed as averages over 10 episodes.

We used a maximum intrinsic reward clamping value of Ry,ax,; = 0.1 for all Gym tasks, and set 7,.
and 74 per task as in Table 1 below. Hyper-parameters not left at default (Riax,7, 7> 74, and number
of encoder layers and latent dimensionality) were set by searching over a small, manually defined set
of values.

E.2 DeepMind Control Suite

For the DeepMind Control Suite [45], our encoder model architecture is identical to the open-source
code repository released by [53]. Namely, a 3x3 convolutional layer with stride 2 is followed by
another 3x3 convolution with stride 1 (both with 32 channels), before a fully-connected layer with
50-dimensional output and layer normalization. ReLU activations are used between neural layers.
When an inverse dynamics model is used, we use the same architecture as those used for the OpenAl
experiments (described in Appendix E.1.5), namely, a two-layer MLP. Differently from [53], to speed
up training, we run 16 environments in parallel, all of which add experience tuples to a shared replay
buffer. After every 16 environment steps (i.e., each parallel step), we apply 2 gradient updates. Our
hyperparameters for inverse dynamics and intrinsic motivation are given in the last column of Table
1, and were selected by searching over a small, manually defined set of values.

| Cartpole Pendulum Mountain Car DMC
Ny 2 0.1 20 1
Nd 1 0.1 20 10

Table 1: Hyper-parameters used per task for intrinsic reward and inverse dynamics.

E.3 Computational Resources and Timing

All training and evaluation was done on a small set of NVIDIA GPUs (GTX 1080 TI, Titan X, or
RTX 2080 TI), less than 10 in total and shared with other users.

OpenAl Gym tasks were run with multiple seeds per GPU (up to the GPU memory limit) during
training. In this parallel training context, which allowed us to complete a Gym task for all methods
and seeds (for a single distraction level) within roughly a day on 2-4 GPUs, we obtain the following
approximate timings (in seconds per training iteration). Cartpole: ~0.1 for DBC-based methods and
~0.07 for SAC. Pendulum: ~0.09 for DBC-based methods (~0.1 with IR+ID present) and ~0.06
for SAC. Mountain Car: ~0.07 for DBC-based methods and ~0.04 for SAC.

For the Deepmind Control (DMC) tasks, experiments were performed on 4 GPUs over the course of
a week. Our 16-process parallelization for running MuJoCo [47] simulations greatly sped up training,
resulting in approximately 0.03, 0.05 and 0.07 seconds per environment step (with 2 gradient updates
for every 16 environment step) for SAC, DBC and DBC+IR+ID respectively.
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