Supplementary Material
Policy Learning Using Weak Supervision

Abstract

In this supplementary material, we first provide theoretical analysis of the con-
vergence rate (Sec A.1) and sample complexity (Sec A.2) for Peer ()-Learning
algorithm. Then we provide the extension to multi-outcome setting with theoretical
proofs (Sec A.3). We also show the extensions to other modern DRL algorithms
in Sec A.4, and further discussions on the effectiveness of PeerRL in Sec A.5.
We then provide more “tie-breaking” examples on varied noise models together
with the python-style code snippet in Sec B. In Sec C, we provide the technical
proofs for proposed PeerBC approach under mild assumptions. Then, we report
the experimental setup details (Sec D.1), the implementation details (Sec D.2),
and additional experiments including complete results for Figure 2 and Table 1
(Sec D.3), sensitivity analysis of peer penalty coefficient £ (Sec D.4), and study of
stochasticity for behavioral cloning policy (Sec D.5). The summary of contents in
the supplementary is provided in the following.
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A Analysis of PeerRL

We start this section by providing the proof of the convergence of ()-Learning under peer reward 7pcer
(Theorem A1). Moreover, we give the sample complexity of phased value iteration (Theorem A2).
In the rest of this section, we show how to extend the proposed method to multi-outcome setting
(Section A.3) and modern deep reinforcement learning (DRL) algorithms such as policy gradient [51]
and DQN [49, 56] (Section A.4).

A.1 Convergence

Recall that we consider the binary reward case {r,r_}, where r and r_ are two reward levels. The
flipping errors of the reward are defined as e, = P(7, = r_|r; = ry)ande_ = P(7, = ry|ry = 7).
The peer reward is defined as rpeer (s, a) = r(s,a) — 7', where r’ is randomly sampled reward over
all state-action pair (s, a). Note that we treat each (s, a) equally when sampling the r’ due to lack of
the knowledge of true transition probability P. In practice, the agent could only noisy observation of
peer reward 7peer (S, a) = (s, a) — 7. We provide the Q)-learning with peer reward in Algorithm Al.

Algorithm A1 @Q)-Learning with Peer Reward

Require: M = (S, A, R, P,~), learning rate a € (0, 1), initial state distribution 3o.
1: Initialize Q: S x A — R arbitrarily
2: while @ is not converged do
3. Startin state s ~ (3¢
4 while s is not terminal do
5: Calculate 7 according to () and exploration strategy
6: a + 7w(s); s ~P(s,a)
7: Observe noisy reward 7(s, a) and randomly sample another 7 from all state-action pairs
8: Calculate peer reward 7peer (s, a) = 7(s,a) — 7
9: Q(s,a) « (1 —a)-Q(s,a) + o (Fpeer(s,a) + v - max, Q(s',a’))
10: s« s
11:  end while
12: end while
Ensure: Q(s,a) and 7(s)

We then show the proposed peer reward 7p,¢er Offers us an affine transformation of true reward in
expectation, which is the key to guaranteeing the convergence for RL algorithms.

Lemma 1. Let r € [0, Ryax| be bounded reward and assume 1 — e_ — e, > 0. Then, if we define
the peer reward Tpeer (s, a) = 7(s,a) — 7', in which the penalty term 7' is randomly sampled noisy
reward over all state-action pair (s, a), we have

E[fpeer(s,a)] = (1 —e— — e4)E[rpeer(s,a)] = (1 — e~ — e )E[r(s, a)] + const,
where Tyeer(8, ) is the clean version of peer reward when observing the true reward.
Proof. With slight notation abuse, we let 7peer, 7, 7 represent the random variables 7pee (8, @), 7(s, @),

7(s,a). Let m(s, a) denotes the RL agent’s policy. Consider the two terms on the RHS of noisy peer
reward separately,

Ef] =P(r =ryfm) Breyp, [P(F=r_|r=ri) ro +PF=ry|r=ri) ri] (6)
+Pr=r_|m) By [P(F=r_lr=r_) -1 +PF=ry|r=r_) rq] (7
=P(r=ryjm) -E— [eqr— + (1 —eq)ry] (8)
+P(r=r_|n) E—r_[(1 —e_)r_ +e_ry] )
=P(r=ryfm) E—, [(1—ey —e_)-r4 +epr_ +e_ry] (10)
+Pr=r_|m) Emp [(1—e_ —eq)-r—+e_rp+eqpr_)] (11)
=(l—-eyr—e )E[r]+e_ry +err_. (12)

Since we are treating the visitation probability of all state-action pair (s, a) equally while sampling
the peer penalty 77, then the probability of true reward r under this sampling policy Tgample 1S @
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constant, denoting as ppeer, 1.€., Ppeer = P(" = 7_|Tsample) is a constant. Then we have,

E[f'] = P(7 = r_|Tsample) - T— + P(F = r4 | Tsample) - T+ (13)
= (e4Ppeer + (1 —€—) (1 = ppeer)) 7= + ((1 — €4 )Ppeer + €—(1 — Ppeer)) "7+ (14)
=(1—e_ —ei)[(1 — ppeer) - T— + Dpeer " T+] + 47— +e_r4. (15)

As a consequence, we obtain the expectation of peer reward satisfies
E[Fpeer] = E[f] - E[f/] (16)
=1 —eyr—e )E[r] = (I —e- —et)[(1 = Ppeer) " + Ppeer " '+] a7
= (1 —e— —e4)E[r] + const. (18)
Similarly, it is easy to obtain that E[rpeer] = E[r] — [(1 — Ppeer) - T— + Dpeer - 7+]. Therefore, we
have E[fpeer] = (1 — e~ — €4 )E[rpeer] = (1 — e~ — e4 )E[r] + const. O
Lemma 1 shows the proposed peer reward 7pcqr Offers us a “noise-free” positive (1 —e_ — ey >
0) linear transformation of true reward r in expectation, which is shown the key to govern the
convergence. It is widely known in utility theory and reward shaping literature [60, 61, 62] that any

positive linear transformations leave the optimal policy unchanged. As a consequence, we consider a
“transformed MDP” M with reward #* = (1 — e_ — e )r + const, where the const is the same as the
constant in Eqn. (18).

In what follows, we provide the formulation of the concept of “transformed MDP” with the policy
invariance guarantee.

Lemma Al. Given a finite MDP M = (S, A, R, P,~), a transformed MDP M = (S, A, R, P,~)
with positive linear transformation in reward ¥ := a - r + b, where a, b are constants and a > 0, is
guaranteed consistency in optimal policy.

Proof. The @) function for transformed MDP M (denoting as Q) is given as follows:

oo

Qs,a) =) 7' =) ~'(a-r+0b)
t=0

t=0

I SRS ot
=0 =0
=a-Q(s,a) + B,

where B = Y _,° / ~'bis a constant. Therefore, there is only a postive linear shift (¢ > 0) in Q(s, a)
thus resulting in invariance in optimal policy for transformed MDP:

#*(s) = argmax Q* (s, a) = argmax [a - Q(s, a) + B]
acA acA

= argmax Q(s,a) = 7*(s).
acA

O

Lemma A1 states that we only need to analysis the convergence of learned policy 7(s) to the optimal

policy #*(s) for transformed MDP M, which is equivalent to the optimal policy (s)* for original
MDP. This result is relevant to potential-based reward shaping [60, 6 1] where a specific class of state-
dependent transformation is adopted to speed up the convergence speed of ()-Learning meanwhile
maintaining the optimal policy invariance. Moreover, a degenerate case for single-step decisions is
studied in utility theory [62] which also implies our result.

Finally, we need an auxiliary result (Lemma A?2) from stochastic process approximation to analyse
the convergence for (Q-Learning.

Lemma A2. The random process { A} taking values in R™ and defined as
Appa(@) = (1 = () Ay (@) + () Fi ()

converges to zero w.p.1 under the following assumptions:
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e 0<a <1 Y, au(x) =ccand Y, ar(z)? < oo;
* NEF@)|F] llw < AllA], withy < 1;
o Var [Fy(2)|F]) < C(1+||Ad|%), for C > 0.

Here Fy = {Ay, A¢q,-+ ,Fiq -+ 04, - } stands for the past at step t, a:(x) is allowed to
depend on the past insofar as the above conditions remain valid. The notation || - ||w refers to some
weighted maximum norm.

Proof of Lemma A2. See previous literature [63, 64]. O

Theorem Al. (Convergence) Given a finite MDP with noisy reward, denoting as M =
(S, A, R, F,P,~), the Q-learning algorithm with peer rewards, given by the update rule,

Qt+1(st,at) = (1 *Oét)Qt(St,at) + az fpeer(st’at) +VII§1€%Qt(St+17b) ) (19)
m(s) = arg max Q+(s, a) (20)
acA

converges w.p.1 to the optimal policy 7*(s) as long as 3, oy = 00 and Y, af < oo,

Proof. Firstly, we construct a surrogate MDP M with the positive-linearly transformed reward
7 = (1 —e_ —eq)-r+const, where const = —(1 —e_ —e)(1 —p)-7— +p-ry)isa

constant. From Lemma A1, we know the optimal policy for Mis precisely the optimal policy for
M: 75 (s) = 7*(s).

Let Q* denotes the optimal state-action function for this transformed MDP M. For notation brevity,
we abbreviate s;, Si4+1, Tpeer (St; St+1)> Qi Qi+1. and ay as s, §', Q, Q’, Fpeer and «, respectively.

Subtracting from both sides the quantity Q* (s, a) in Eqn. (20):

Q'(s,a) — Q*(s,a) =(1 — a) (Q(s, a) — Q* (s, a)) +a {fpeer + 7%33{@(8', b) — Q*(s,a)| .

Let Ay(s,a) = Q(s,a) — Q*(s,a) and Fy(s,a) = Fpeer + ymaxpe 4 Q(s',0) — Q*(s, a).
Aii1(8,a) = (1 — a)As(s,a) + aFy(s, a).

In consequence,
E[Fi(s,a)|F:] =E {Fpeer + 'yrgea}i{ Qs b)] — Q*(s,a)
=K ~eer I7b_A_ ) /7b
|:Tp +ymaxQ(s,b) — 7 —ymax (s )}

=E [Fpeer] — E[F] +~E |:Ig1€a-’i( Q(s',b) — raflea}f Q*(s’, b)}

=4E ') — )*(s',b
gl _glg@(s,) max @ (s,)}

<~E| max ‘Q(s', b) — Q* (s, b)”

LbEA,s'ES

=9E [1Q ~ Q'llsc| =11Q = Q*lloe = YAl
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In above derivations, we utilize the unbiasedness property for peer reward (Lemma 1) and the
inequality maxye 4 Q(s',b) — maxpe 4 Q*(s',b) < maxpea,srcs ‘Q(S/, b) — Q (s, b)‘-

Var [Fi(s,a)|Fi] =E

2
(P + 70 QL' D) = Q(65:0) ~ [ Fps + 1y @(6'0) - @ (50| ) ]

=E

2
~ / _ ~ /
(rpeer +7ymax Q(s',b) — E [rpeer +7ymax Qs 7b)} ) ]

= Var {fpee,. + 7%16%‘)‘( Q(s, b)] .
Since peer is bounded, it can be clearly verified that
Var [Fy(s, a)|F] < C"(1+ ||A(s, a)[|%)

for some constant C”" > 0. Then, A; converges to zero w.p.l from Lemma A2, i.e., Q(s,a)

converges to Q* (s,a). As a consequence, we know the policy 7;(s) converges to the optimal policy
w*(s) = 7*(s). O

A.2 Sample Complexity

In this section, we establish the sample complexity for )-Learning with peer reward as discussed in
Sec 4. Since the transition probability P in MDP remains unknown in practice, we firstly introduce a
practical sampling model G(M) following previous literature [65, 66, 67]. in which the transition
can be observed by calling the generative model. Then the sample complexity is analogous to the
number of calls for G(M) to obtain a near optimal policy.

Definition Al. A generative model G(M) for an MDP M is a sampling model which takes a

state-action pair (s, a;) as input, and outputs the corresponding reward r (s, a;) and the next state
St+1 randomly with the probability of Py (st, St41), i.e., St4+1 ~ P(:|s, a).

It is known that exact value iteration is not feasible when the agent interacts with generative model
G(M) [7, 68]. For the convenience of analysing sample complexity, we introduce a phased value
iteration following [7, 65, 68].

Algorithm A2 Phased Value Iteration

Require: G(M): generative model of M = (S, A, R, P,~), T: number of iterations.
1: SetVp(s) =0
2: fort=T—-1,---,0do
3:  Calling G(M) m times for each state-action pair.

Pa(st, St+1) — #[(8t7a't) — 3t+1]

m
4:  Set
V(st) = meaj( Po(sts St41) [re + 7V (5e41)]
“ st+1€S
7(s) = arg max V (s;)
acA
5: end for

6: return V' (s) and 7(s)

Note that P, (s, s;41) is the estimation of transition probability P, (s¢, s¢+1) by calling G(M) m
times. For the simplicity of notations, the iteration index ¢ decreases from 7" — 1 to 0.

We could also adopt peer reward in phased value iteration by replacing Line 4 in Algorithm A2 by
V(st) = max > Palst, s141) [Fpeer (51, @) + 9V (s141)] -

st4+1€S
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Then the sample complexity of one variant (phased value iteration) of (Q-Learning is given as follows:
Theorem A2. (Sample Complexity) Let r € [0, Ry,ax| be bounded reward, for an appropriate choice

of m, the phased value iteration algorithm with peer reward Tpee, calls the generative model G(M)

0] ( ISIIAIT 7 log |SH§4‘T) times in T epochs, and returns a policy such that for all state s € S,

e2(l—e_—ey)

‘%V”(s) —V*(s)’ <ewp.>1-6,0<6<1 wheren=1—e_ —ey > 0isa constant.

Proof. Similar to Theorem A1, we firstly construct a transformed MDP M and the optimal policies
for these two MDP are equivalent (Lemma A1l). As a result, we could analyse the sample complexity
of phased value iteration under M.

It is easy to obtain that 7peer € [0, Rinax] and V™ (s) € [0, Ifﬁ";{"} are also bounded. Using Hoeffd-

ing’s inequality, we have

% P [ —2me3(1 — ~)?
Pr | |E [Vt+1(5t+1):| - Z Po(se, se41) Vi1 (se41)| > €| < 2exp ((’Y)),

R2
St41E€S max

- ~ —2me?
Pr | |E [Fpeer(st, a)] — Z Po(s¢, S141)Tpeer(St, )| > € SQeXp( 2 )

St41E€S max

Then the difference between learned value function V7 (s); and optimal value function V*(s), under
transformed MDP at iteration ¢ is given:

Vi (s) — Vt(s)‘ = Igleaj(]]": (7t + Vi (se41)] — max Po (8¢, St41) [Tpeer (8¢, @) + Y Vi1 (Se41)]
St4+1E€S

< max |E [r;] — D Palse, se41)Fpeer(st, a)
@ St+1E€S

ymax B[V (se)] = D0 Palse seen)Verr (s11)
st+1€S
< e+ max|E [ri] — E [peall + 76z + [ [V (s41)] = E Vi (se41)]

V() = Via(s)| + &1 +7e2

< ymax
=7 s€S
Recursing above equation, we get

max ‘V*(S) - V(é’)‘ < (e + 7€) + (e +ve2) + -+ 77 e +ye2)

seS
_ (atre)(1—97)
I—v
Lete; = € = ((11::))6, then max,cs ’V*(s) — V(s)’ < e. In other words, for arbitrarily small ¢, by

choosing m appropriately, there always exists €; and e such that the value function error is bounded
within €. As a consequence the phased value iteration algorithm can converge to the near optimal
policy within finite steps using peer reward.

Note that there are in total |S||.A|T transitions under which these conditions must hold, where | - |
represent the number of elements in a specific set. Using a union bound, the probability of failure in
any condition is smaller than

E(1-v)?* 1-—9)?
AT - exp (- ).
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We set above failure probability less than §, and m should satisfy that

S||A|IT
=0 (L 10g SIAT).

('SHG’;UT log ls”g‘”T>, the value function con-

In consequence, after m|S||A|T calls, which is, O

verges to the optimal value function V*(s) for every s in transformed MDP M. , with probability
greater than 1 — 4.

From Lemma A1, we know V*(s) = (1 —e_ —e,) - V*(s) + C, where C is a constant. Let
e=(l—e_—ey)-dandV(s)=(1—e_ —ey)-V'(s) + C, we have

|W@qufgii)(xgii) @h
1 ~ /
Sl LAOE V(s)‘ <e (22)

This indicates that when the algorithm converges to the optimal value function for transformed
MDP M, it also finds a underlying value function V'(s) = %V(s) that converges the optimal value
function V*(s) for original MDP M.

|SILAIT

i to achieve an € error
—e_—eq)

As a consequence, we know it needs to call O (az(

log \SH;\\T)

in value function for original MDP M, which is no more than O +)2) times of the one

1
(1—e_—e
needed when the RL agent observes true rewards perfectly. When the noise is in high-regime, the
algorithm suffers from a large (1_671_ )2 thus less efficient. Moreover, the sample complexity of
phased value iteration with peer reward is equivalent to the one with surrogate reward in [7] though
sampling peer reward is less expensive and does not rely on any knowledge of noise rates. O

A.3 Multi-outcome Extension

In this section, we show our peer reward is generalizable to multi-class setting. Recall that in Section
2.2 we suppose the reward is discrete and has |R| levels, and the noise rates are characterized as

C%ﬂ <IR|" Here we make further assumptions on the confusion matrix: the reward is misreported to
each level with specific probability, e.g.,
1-— 2#1 €45 €2, e €|R|
€1, 1 _Zi;ég €iy, €IR|
RL _
Cirix|r| = ; ) : (23)
€1, €2, ) 1 72175“{‘ €

Following the notations in A.1, we define the peer reward in multi-outcome settings as r(s,a) =
7(s,a) — r’, where 7’ is randomly sampled following a specific sample policy Tsample Over all

state-action pairs. Let Rpeer, R, R, and R’ denote the random variables corresponding to 7peer, T, T,
1, ¢;; represents the entry of C‘R| <R Then we have

IR IR|
E, [R} :;P(R — Ri|r) ;cin
IR| [ |
:Z]P’(R:RJT() 1—Z€i Ri-i-ZejR
i=1 j#i j#i
IR| [ IR| IR|
=>"P(R=Rir) [[1-D e | Ri+> ¢;R
i=1 j=1 =1
IR| IR|

= I—Zej ]Eﬂ— [R]+Z€jRj,
j=1 j=1
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and

|R|

]E‘ﬂ'sample [El} = Z RZ P (E = Ri|7rsample)
=1
IRl |R]
= Z Rj Z P (R = Ri|7Tsamp1e) Cij
j=1 i=1
IR| 1
=Y R; | Y _P(R= Ri|msample) €; + P (R = Rj|Teampie) [ 1= e
j=1 i i#j
IRl [IR IR|
=Y R; | Y _P(R= Ri|msample) €; + P (R = Rj|Teample) [ 1= e
j=1 | i=1 i—1 |
IR| IR|

=(1-D e | Enupe [RI+ Y _¢sR;.
i=1 Jj=1

Then, the peer reward is formulated as

IR| IR
Er[Rl— 1= ei | B [B]
=1

Il
—
I
®
.

Er [R] + const.

Il
—
I
o
.

A.4 Extension in Modern DRL algorithms

In this section, we give the following deep reinforcement learning algorithms combined with our
peer reward in Algorithm A3 and A4. In Algorithm A3, we give the peer reward aided robust
policy gradient algorithm, where the gradient in Equation 24 corresponds to the loss function
£((s,a),q) = qlogmy(a|s), which is classification calibrated [17]. So the expectation of the gradient
in 24 is an unbiased esitmation of the policy gradient in corresponding clean MDP. In (A4), we
present a robust DQN algorithm with peer sampling, in which the origin loss is ¢((s, a), %), also
classification calibrated. Thus the robustness can be proved via [17].

Algorithm A3 Policy Gradient [51] with Peer Reward

Require: M = (S, A, R,P,~), learning rate o € (0, 1), initial state distribution 3o, weight parameter .
1: Initialize mg: S x A — R arbitrarily
2: for episode = 1 to M do
3 Collect trajectory 7o = {(si, @i, 71)} 1y, Where so ~ Bo, ar ~ mo(-|s¢), se41 ~ P(-|s¢, ar).
4:  Compute g; = Y., v 7" forallt € {0,1,...,T}
5 For each index ¢ € {0, 1,...,T}, we independently sample another two different indices j, &,
6 and update policy parameter 6 following

0 < 0+ aq;Velogme(ai|si) — & - quVelogme(as|s;)] (24)

7: end for
Ensure: 7y
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Algorithm A4 Deep Q)-Network [49] with Peer Reward

Require: M = (S, A, R, P,~), learning rate o € (0, 1), initial state distribution 3o, weight parameter .
1: Initialize replay memory D to capacity N
2: Initialize action-value function @ with random weights
3: for episode = 1 to M do
4 fort =1to 7T do
5: With probability e select a random action ay, otherwise select a; = max, Q@ (s, a)
6: Execute action a: and observe reward 7; and observation s;41
7 Store transition (s, at, 7'+, S¢+1) in D
8 Sample three random minibatches of transitions (s;, ai, 7, Si+1), (S5, a5, 75, Sj+1), (Sky Qky Ty Skt1)

from D.
9: Set i = 7:‘2 / for terminals.i
7s + ymax, Q(si+1,a’) for non-terminal s;41

N Tk for terminals;

10: Set r=94 .
€t Ypee {rk + ymaxy Q(sj41,a’) for non-terminal s;41

11: Perform a gradient descent step on (§; — Q(si,a:))? — € - (Fpeer — Q(55,a;))?
12:  end for
13: end for
Ensure: @

A.5 Further Discussions on the Effectiveness of PeerRL

We can also analyze why peer rewards are beneficial from the error upper bound. When £ = 1, define
the sample mean of rewards as follows.

T T T
- 1 -
T ZT(St,at), Tpeer = 7 Z peer (St; at) Z Psea) + (1 —ri)] — 1.
t=1 t=1 =1

By Hoeffding’s inequality, noting there are 7" independent random variables in estimating 7 and 2T°
independent random variables in estimating 7per, We know w.p. at least 1 — 4,

- . In2/§
— <
F — BEF < Ry o,

and
In2/6
T
We can denote the relationship between reward estimates and the corresponding error rate estimates
€_,E as:

|7§peer - E[ipeer” S Rmax

F=(1—é_—é )r+e_ry+epr_.

We have

F B[ =1 - —e)i— (1—e_ — e )El] + (6 —e )y + (6 — ex)r|
=l(l—e.—e)r—(1—e_—ep)E[r]+ (e —é_+ey —e)E[r]+ (6 —e_)ry + (64 —eq)r_|
>(1—e_ —ey)F— Bl - le- — e_|(ry + E[r]) — &5 — e4](r— + Elr]).

Thus

Roax 1n2/6+ e_ —e_|(ry +E[r])) +ler —er|(r— +E[r

]| < e 1|(_+e_ _[2 [ [ ]).

Assume d, = |é_ —e_| = |é4 — e4|. We have

_ Rimax 1n2/5 + de (T+ +r_+ QE[ D
|7 —E[r]| < T2 Z (25)
—e_—eéy

Similarly, for peer rewards, note

Tpeer = (1 —é_ — €+)( (1 - ppeer) - ppeerr+)~
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We have
|;peer - ]E[fpeer” :‘(1 —€_ — é+)(7: - (1 *ppeer)r— - ﬁpeerr—o—) - (1 —€_ — é+)(E[T] - (1 - ppeer)""— *ppeerr+)
+(e- —e- +eqr — &) (Elr] = (1 — ppeer)T— — Dpeer”+)|
>(1—e_ — )l — i)l = (- - — &) [Bpeer — PpeslIr— — 41—
e— —e—| - [Elr] = (1 = ppeer)T— — Ppeer”+| — |64 — €[ - [E[r] = (1 — Ppeer) 7~ — Ppeer+|-

Thus

n2/é _ _
V2 4 (s —e] +le- —e]) - B[] — (1 — ppeer)T— — Ppeert™+]

=+ |ﬁpeer7ppeer| |T— T4

Rmax
[F—E[r]| <

1—e_ — €t
Assume 0, = |é_ — e_| = |é4 — ex| = [DPpeer — Ppeer|- We have
Runax | 2% + 26 - [E[r] = (1 = Ppeer)T— — Ppeer™+ |
r—Ef)| < = T bl -l @6)
—€_ — €4

Comparing Eqn. (25) and Eqn. (26), for the high-noise case, we can infer peer rewards likely
have lower sample complexity, i.e. is more sample efficient. For example, when ppeer = 0.5,
e-.=e; =03, Rpx=1,ry =1,r_=0,6_ —e_ =&, — e, = d,, E[r] = 0.5, we have

In2/6

+ 20¢
|F —E[r]] < 27;) 1 (Plain Reward),
W20 4146,
|r —E[r]] < YT " " (Peer Reward).

- 0.4
In this case, we know peer rewards have a lower error upper bound for estimating » when 71" is large.

B Tie-Breaking: Toy Examples

To illustrate tie-breaking phenomenon when using peer reward, we consider a two-state Markov
process (no actions) with varied noise models. An example code segment with stochastic rewards
and discrete noise model (e = ey = 0.45) is provided below:

def get_rewards(state, num_samples, noise_rate=0.45):
if state == 0: r = np.random.choice([0, 1], p=[0.4, 0.6], size=num_samples) # E[r] = 0.6
else: r = np.random.choice([0, 1], p=[0.6, 0.4], size=num_samples) # E[r] = 0./
mask = np.random.choice(2, p=(1 - noise_rate, noise_rate), size=num_samples) # Add noise
r = (1 - mask) * r + mask * (1 - r)

return r

num_samples, xi = 1000, 0.1
is_correct_noisy, is_correct_peer = []. []
for _ in tqdm.trange(10000) :

# Baseline
r_vec = np.stack([get_rewards(0, num_samples), get_rewards(l, num_samples)], axis=1)
r_hat = np.mean(r_vec, axis=0)
is_correct_noisy.append(r_hat[0] > r_hat[1])
# PeerRL
neg_samples = np.concatenate([get_rewards(0, num_samples), get_rewards(l, num_samples)])
np.random.shuffle(neg_samples) # Randomly permutes the elements
neg_samplesO, neg_samplesl = np.split(neg_samples, 2)
r_vec = np.stack([get_rewards(0, num_samples) - xi * neg_samplesO,
get_rewards(l, num_samples) - xi * neg_samplesl], axis=1)

r_hat = np.mean(r_vec, axis=0)
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is_correct_peer.append(r_hat[0] > r_hat[1])

print('\nBaseline Success: %.3f\n' ’ np.mean(is_correct_noisy))
print ('\nPeer RL Success: %.3f\n' J np.mean(is_correct_peer))

In Table A1, we conducted more experiments with different noise models and reported the absolute
accuracy differences between PeerRL and baseline (noisy reward) in the following three cases: (1)
"Correct" - successfully inferring the better state s; with larger expected reward, (2) "Tie" - cannot
infer which state is better as the means of collected rewards in two states are equal, (3) "Incorrect” -
wrongly inferring state s, is better ("Incorrect"). As we can see, PeerRL exploits the "discreteness”
of the reward thus breaking ties to obtain more examples with good-quality supervision. This tie
breaking phenomenon also happens for stochastic reward and bounded/discretized continuous reward.

Table Al: Tie breaking toy examples under varied noise models.

Bounded continuous noise Correct Tie Incorrect
$1:r = np.clip(np.random.normal(0.6,1.0, num_samples),0,1)

+3.4 -S. +1.
Sg :r = np.clip(np.random.normal(0.4,1.0, num_samples),0,1) 3.4% 5.3% 9%
$1:r = np.clip(np.random.laplace(0.6,1.0, num_samples),0,1)
Sg :r = np.clip(np.random.laplace(0.4,1.0, num_samples),0,1)

+2.0% -4.8% +2.8%

Discretized continuous noise Correct Tie Incorrect
S1:r = np.random.normal(0.6, 1.0, num_samples)

So :r = np.random.normal(0.4, 1.0, num_samples)

bins = np.arange(0, 1.01, 0.01), inds = np.digitize(r, bins)
r = bins[inds - 1]

+6.2% -12.6%  +6.4%

Stochastic reward with discrete noise Correct Tie Incorrect
S1 :r = np.random.choice([0, 1], p=[0.6, 0.4], size=num_samples)

S2 :r = np.random.choice([0, 1], p=[0.4, 0.6], size=num_samples)

e = 0.4, mask = np.random.choice(2, p=(1 - e, e), size=num_samples)
r = (1 - mask) * r + mask * (1 - r)

$1 :r = np.random.poisson(0.6, 1.0, num_samples)

$2 :r = np.random.poisson(0.4, 1.0, num_samples)

+11.7% -231% +11.4%

+10.2% -20.8% +10.6%

Deterministic reward with discrete noise Correct Tie Incorrect
S1 :r = np.random.choice([0, 1], p=[0.6, 0.4], size=num_samples)

S2 :r = np.random.choice([0, 1], p=[0.4, 0.6], size=num_samples)

e = 0.4, mask = np.random.choice(2, p=(1 - e, e), size=num_samples)
r = (1 - mask) * r + mask * (1 - r)

+10.5% -21.2% +10.7%

Continuous noise Correct Tie Incorrect
S1:r = np.clip(np.random.normal(0.6,1.0, num_samples),0,1) +0.0% 20.0% +0.0%
So :r = np.random.normal(0.4,1.0, num_samples)
S1 :r = np.random.laplace(0.6,1.0, num_samples)
So :r = np.clip(np.random.laplace(0.4,1.0, num_samples),0,1)

+0.0%  -0.0% +0.0%

C Analysis of PeerBC

We prove that the policy learned by PeerBC converges to the expert policy when observing a sufficient
amount of weak demonstrations in Theorem A3.

Theorem A3. With probability at least 1 — 0, the error rate is upper-bounded by

14+¢ [2log2/d
L 27
RDEfl_e__eJr N ) ( )

where N is the number of state-action pairs demonstrated by the expert.

Proof. Recall Dy, denotes the joint distribution of imperfect expert’ state-action pair (s, @). Assume
there is a perfect expert and the corresponding state-action pairs (s,a) ~ Dg. The indicator
classification loss 1(7(s), a) is specified here for a clean presentation, where 1(7(s),a) = 1 when
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7(s) # a, otherwise 1(m(s),a) = 0. Let D := {(s;,a;)}., be the set of imperfect demonstrations,
and Dg := {(s;,a;)} Y, be the set of weak demonstrations. Define:

Bpy(7) := Es.a)~pp [L(7(5), @)l R, (1) = E(sa)~pp [L(7(s), a)]

B, () ;:% S An(si) @), R, (1) = = 3 A(n(s:), ).

_ N

1€[N] 1€[N]
Note we focus on the analyses of loss in this proof. The negative of loss can be seen as a reward.
Denote by w5 and 75 be the optimal policy obtained with minimizing the indicator loss with

dataset D and distribution Dp. We shorten 75 —as 7%, which is the best policy we can learn from
imperfect demonstration with our algorithm. Let 7* be the policy for the perfect expert. We would
like to see the performance gap of policy learning between imperfect demonstrations and perfect
demonstrations, i.e. Rp, (7*) — Rp,(7*). Using Hoeffding’s inequality with probability at least

1 — 4, we have
- log2/4
R, () — R, ()] < (1+) 5L2,

Note we also have

<0+ 2m72r%x ‘REE(W) - RﬁE(W)’

<(1+6) /210;5\[2/5.

Before proceeding, we need to define a constant to show the affect of label noise. When the dimension
of action space is 2, the problem is essentially a binary classification with noisy labels [17], where
the noise rate (a.k.a confusion matrix) is defined as e, = P(7g(s) = A_|7*(s) = Ay) and
e_ = P(7g(s) = AL|m*(s) = A_). Recall the action space is defined as A = {4, A_}. The
noise constant is denoted by e = e_; + e;. Accordingly, when the dimension of action space is
|R| > 2, we can also get similar results under uniform noise where

ew = P(Tr(s) = ulr*(s) = u'),u’ # u. (28)

The noise constant e is denoted by e = Eluz‘l e,. The feature-independent assumption holds thus
the properties of peer loss functions [17] can be used, i.e.

Rp,(T") = Rpy (17)

=1 i . (RﬁE(ff*) - RﬁE(%E))
1

+¢& [2log2/6
1—e N

From definition and deterministic assumption for 7*, we have Rp,, (7*) = 0. Thus the error rate in

the k-th iteration is
. o 1+E [2log2/0
R () < Rp,(n°) + 12\ =2

<

(29)
_1+¢ [2log2/6
Cl-—e N
Note Rp, (7*) = Rp_ by definition. O
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D Supplementary Experiments

D.1 Experimental Setup

We set up our experiments within the popular OpenAl stable-baselines” and keras-r1’ frame-
work. Specifically, three popular RL algorithms including Deep-Q-Network (DQN) [49, 56], Dueling-
DQN (DDQN) [50] and Proximal Policy Optimization Algorithms (PPO) are evaluated in a varied of
OpenAl Gym environments including classic control games (CartPole, Acrobot) and vision-based
Atari-2600 games (Breakout, Boxing, Enduro, Freeway, Pong).

D.2 Implementation Details

RL with noisy reward Following [7], we consider the binary reward {—1, 1} for Cartpole where
the symmetric noise is synthesized with different error rates e = e_ = e.. We adopted a five-layer
fully connected network and the Adam optimizer. The model is trained for 10,000 steps with the
learning rate of 1e 2 and the Boltzmann exploration strategy. The update rate of target model and
the memory size are 1e~2 and 50,000. The performance is reported under 10 independent trials with
different random seeds.

BC with weak expert We train the imperfect expert on the framework stable-baselines with
default network architecture for Atari and hyper-parameters from r1-baselines-zoo®. The expert
model is trained for 1,400, 000 steps for Pong and 2, 000, 000 steps for Boxing, Enduro and Freeway.
For each of those environment, We use the trained model to generate 100 trajectories, and behavior
cloning is performed on these trajectories. We adopt cross entropy loss for behavior cloning and add
a small constant (1 x 10~8) for each logit after the softmax operation for peer term to avoid this term
become too large. In BC experiments, the batchsize is 128, learning rate is 1 x 10~* and the ¢ value
for Adam optimizer is 1 x 1078,

Policy co-training For the experiments on Gym (CartPole and Acrobot), we mask the first coor-
dinate in the state vector for one view and the second for the other, same as [43]. Both policies are
trained with PPO[58] + PeerBC. In each iteration, we sample 128 steps from each of the 8 parallel
environments. These samples are fed to PPO training with a batchsize of 256, a learning rate of
2.5 x 10~% and a clip range of 0.1. Both learning rate and clip range decay to 0 throughout time. We
represent the policy by a fully connected network with 2 hidden layers, each has 128 units.

For the experiments on Atari (Pong and Breakout), the input is raw game images. We adopt the
preprocess introduced in [49] and mask the pixels in odd columns for one view and even columns for
the other. The policy we use adopts a default CNN as in stable-baselines. Batchsize, learning
rate, clip range and other hyper-parameters are the same as Gym experiments. Note that we only add
PeerBC after 1000 episodes.

D.3 Supplementary Results for Figure 2 and Table 1

Table A2: Numerical performance of DDQN on CartPole with true reward (r), noisy reward (7),
surrogate reward 7 [7], and peer reward Fpeer(f =0.2). Rawvg denotes average reward per episode
after convergence, (last five episodes) the higher (1) the better; N.,; denotes total episodes involved
in 10,000 steps, the lower ({.) the better.

e=0.1 e=0.2 e=0.3 e=04
Ravg T Nepi L Ravg T Nepi | Ravg T Nepi L Ravg T Nepi L
T 183.6 £ 7.6 101.3+4.8 184.0+7.3 101.5+4.6 184.0 £ 7.3 101.5 £ 4.6 184.0 £ 7.3 101.5 £ 4.6
DON 7 189.3 £ 12.7 98.2+6.5 189.7+£79 1105471 183.2+9.8 130.5 £ 7.7 169.7 £ 18.6 150.2+11.4
7 188.3 £8.2 101.1+6.2 192.7 £9.2 97.9+6.4 185.4+15.9 116.9+11.0 184.8 +16.4 123.1 £8.6
Tpeer | 177.2£19.1 91.24+5.9 170.0+£24.8 94.6 £8.5 190.5+14.3 99.4+5.2 183.14+13.3 118.1 +10.7
T 195.6 £ 3.1 101.2+3.2 195.6+3.1 101.2+3.2 195.6 £ 3.1 101.2 £ 3.2 195.2 £ 3.0 101.2£3.3
DDQN 7 185.24+15.6 114.6+6.0 168.8+13.6 123.9+9.6 177.1+11.2 133.2+9.1 185.5£10.9 163.1 £11.0
7 183.9+£10.4 110.6 £6.7 165.1+18.2 113.9+9.6 192.24+10.9 1155+4.3 179.2 £ 6.6 125.8 £9.6
Tpeer | 198.5£2.3 86.2+5.0 195.5+9.1 85.3+£5.4 174.1£325 88.8+6.3 191.8+8.5 106.9 + 9.2

*https://github.com/hill-a/stable-baselines
*https://github.com/keras-rl/keras-rl
*https://github.com/araffin/rl-baselines-zoo/blob/master/hyperparams/ppo2.yml#L1
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Figure Al: Learning curves on CartPole game with true reward (r) I, noisy reward (7) B, surrogate
reward [7] (+) M, and peer reward (7peer, § = 0.2) M. Each experiment is repeated 10 times with
different random seeds.

D.4 Sensitivity Analysis of Peer Penalty ¢

In this section, we analyze the sensitivity of £ in RL and BC tasks. Note that we did not tune this
hyperparameter extensively in all the experiments presented above since we found our method works
robustly in a wide range of &.
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Figure A2: Learning curves of DQN on CartPole game with peer reward (peer) M under different
choices of ¢ (from 0.1 to 0.4).

RL with noisy reward We repeat the experiment in Figure A1 for DQN but with a varying & from
0.1 to 0.4. As shown in Figure A2, our method works reasonably and leads to faster convergence
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Figure A3: Learning curves of DQN on CartPole game with peer rewards (7peer) M. Here, a linear
decay ¢ is applied during training procedure (initial £ = 0.4). Compared to static £ = 0.4, the linear
decay peer penalty stabilizes the convergence of RL algorithms.

compared to baselines. However, we found that the late stage of training, a small £ is necessary
since the agent already gains useful knowledge and make reasonable actions, therefore, an over-large
penalty might avoid the agent achieving simple agreements with the supervision signals, especially in
a low-noise regime (see £ = 0.4, e = 0.1). This observation inspires us that a decay schedule of £
might be helpful in stabilizing the training of PeerRL algorithms. To verify this hypothesis, we repeat
the above experiments but with a linear decay & that decreases from 0.4 to 0.1. In Figure A3, we
found the linear decay schedule is able to stabilize the convergence of PeerRL algorithms compared
to static £ = 0.4. The theoretical principles and insights of dynamic peer penalty merit further study.

BC from weak demonstrations We conduct experiments on Pong with 12 different £ values,
varying from 0.1 to 1.2. From Figure A4, we can see PeerBC outperforms pure behavior cloning and
SQIL[37] when & is within [0.1, 0.7], revealing our proposed PeerBC is a superior behavior cloning
approach able to better elicit information from imperfect demonstrations.
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Figure A4: Sensitivity analysis of ¢ for PeerBC on Pong with behavior cloning ll, PeerBC Ml (¢
varies from 0.2 to 0.5 and 1.0) and expert M. Each experiment is repeated under 3 different random

seeds.

D.5 Stochastic Policy for Behavioral Cloning

In this section, we analyze the stochasticity of the imperfect expert model and fully-converged PPO
agent (assumed to be the clean expert), and show that our PeerBC can handle both cases when the
clean expert is stochastic and when it’s rather deterministic.

Figure AS: The policy entropy of the PPO agent during training

trained for 0.2 x 107 timesteps as the red line indicates.
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Table A3: The policy entropy of the PPO agent during training.

Timesteps (x107) ‘ Pong ‘ Boxing ‘ Enduro ‘ Freeway

0.2 (Imperfect Expert) 1.201 | 1.949 1.637 0.318
1.0 (Fully converged PPO) | 1.250 | 1.168 1.126 0.171

Table A4: The mean value of the highest action probability over 1000 steps.

Trained timesteps (x107) | Pong | Boxing | Enduro | Freeway
1.0 (Fully converged PPO) | 0492 | 0.579 | 0.664 | 0903
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We plot the entropy of the PPO agent during training on four environments from the BC task in
Figure AS, and we give the entropy value of the imperfect expert model and the optimal policy in
Table A3. We observe that except for Freeway, the entropy of expert policies is always larger than 1.
We calculate the mean value of the highest action probability over 1000 steps for the full-converged
PPO agents in Table A4, which again verifies that the true expert policy we aim to recover might not
be fully deterministic. These results demonstrate the flexibility of our proposed approach in dealing
with both stochastic and deterministic clean expert policies in practice, although a deterministic clean
expert policy is assumed in our theoretical analysis.

Also, from Figure A5 and Table A3, we notice that the entropy of imperfect expert models are higher
than the fully converged PPO agents, implying that the expert models might contain an amount of
noise. That’s because there might be states on which the expert has not seen enough and the selected
actions contain much noise. This is consistent with our claim, that the benefits of PeerBC might come
from two aspects, both noise reduction of the imperfect expert and inducing a more deterministic
policy.
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