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Abstract

Proximal policy optimization (PPO) is one of the most popular deep reinforcement
learning (RL) methods, achieving state-of-the-art performance across a wide range
of challenging tasks. However, as a model-free RL method, the success of PPO
relies heavily on the effectiveness of its exploratory policy search. In this paper, we
give an in-depth analysis on the exploration behavior of PPO, and show that PPO
is prone to suffer from the risk of lack of exploration especially under the case of
bad initialization, which may lead to the failure of training or being trapped in bad
local optima. To address these issues, we proposed a novel policy optimization
method, named Trust Region-Guided PPO (TRGPPO), which adaptively adjusts
the clipping range within the trust region. We formally show that this method not
only improves the exploration ability within the trust region but enjoys a better
performance bound compared to the original PPO as well. Extensive experiments
verify the advantage of the proposed method.

1 Introduction

Deep model-free reinforcement learning has achieved great successes in recent years, notably in
video games [11], board games [19], robotics [10], and challenging control tasks [17, 5]. Among
others, policy gradient (PG) methods are commonly used model-free policy search algorithms [14].
However, the first-order optimizer is not very accurate for curved areas. One can get overconfidence
and make bad moves that ruin the progress of the training. Trust region policy optimization (TRPO)
[16] and proximal policy optimization (PPO) [18] are two representative methods to address this
issue. To ensure stable learning, both methods impose a constraint on the difference between the new
policy and the old one, but with different policy metrics.

In particular, TRPO uses a divergence between the policy distributions (total variation divergence or
KL divergence), whereas PPO uses a probability ratio between the two policies'. The divergence
metric is proven to be theoretically-justified as optimizing the policy within the divergence constraint
(named trust region) leads to guaranteed monotonic performance improvement. Nevertheless, the
complicated second-order optimization involved in TRPO makes it computationally inefficient and
difficult to scale up for large scale problems. PPO significantly reduces the complexity by adopting
a clipping mechanism which allows it to use a first-order optimization. PPO is proven to be very
effective in dealing with a wide range of challenging tasks while being simple to implement and tune.

However, how the underlying metric adopted for policy constraints influence the behavior of the
algorithm is not well understood. It is normal to expect that the different metrics will yield RL
algorithms with different exploration behaviors. In this paper, we give an in-depth analysis on the

!There is also a variant of PPO which uses KL divergence penalty. In this paper we refer to the one clipping
probability ratio as PPO by default, which performs better in practice.
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exploration behavior of PPO, and show that the ratio-based metric of PPO tends to continuously
weaken the likelihood of choosing an action in the future if that action is not preferred by the current
policy. As a result, PPO is prone to suffer from the risk of lack of exploration especially under the
case of bad initialization, which may lead to the failure of training or being trapped in bad local
optima.

To address these issues, we propose an enhanced PPO method, named Trust Region-Guided PPO
(TRGPPO), which is theoretically justified by the improved exploration ability and better performance
bound compared to the original PPO. In particular, TRGPPO constructs a connection between the
ratio-based metric and trust region-based one, such that the resulted ratio clipping mechanism allows
the constraints imposed on the less preferred actions to be relaxed. This effectively encourages the
policy to explore more on the potential valuable actions, no matter whether they were preferred by the
previous policies or not. Meanwhile, the ranges of the new ratio-based constraints are kept within the
trust region; thus it would not harm the stability of learning. Extensive results on several benchmark
tasks show that the proposed method significantly improves both the policy performance and the
sample efficiency. Source code is available at https://github. com/wangyuhuix/TRGPPO.

2 Related Work

Many researchers have tried to improve proximal policy learning from different perspectives. Chen
et al. also presented a so-called “adaptive clipping mechanism" for PPO [3]. Their method adaptively
adjusts the scale of policy gradient according to the significance of state-action. They did not make
any alteration on the clipping mechanism of PPO, while our method adopts a newly adaptive clipping
mechanism. Fakoor et al. used proximal learning with penalty on KL divergence to utilize the
off-policy data, which could effectively reduce the sample complexity [6]. In our previous work,
we also introduced trust region-based clipping to improve boundness on policy of PPO [22]. While
in this work, we use the trust region-based criterion to guide the clipping range adjustment, which
requires additional computation but is more flexible and interpretable.

Several methods have been proposed to improve exploration in recent research. Osband et al. tried to
conduct consistent exploration using posterior sampling method [12]. Fortunato et al. presented a
method named NoisyNet to improve exploration by generating perturbations of the network weights
[7]. Another popular algorithm is the soft actor-critic method (SAC) [9], which maximizes expected
reward and entropy simultaneously.

3 Preliminaries

A Markov Decision Processes (MDP) is described by the tuple (S, A, T, ¢, p1,7). S and A are
the state space and action space; 7 : S x A x & — R is the transition probability distribution;
¢: 8 x A — Ris the reward function; p; is the distribution of the initial state s, and v € (0, 1) is
the discount factor. The return is the accumulated discounted reward from timestep ¢ onwards, Rz =
> ne oY e(st4ks aryr). The performance of a policy  is defined as n(m) = Egpr amr [c(8, a)]
where p™(s) = (1—7) Yoo, 7'~ pF (s), pF is the density function of state at time . Policy gradients
methods [20] update the policy by the following surrogate performance objective, L, (7) =
7(als)
mold(als)
between the new policy 7 and the old policy moa, A™(s,a) = E[R]|s; = s,a; = a; 7] — E[R]|s; =
s; 7] is the advantage value function of policy 7. Let Dy (Toa,7) = Dy, (To1a(+8)||7(-]5)),
Schulman et al. [16] derived the following performance bound:

A™M (g a)| 4+ n(mo1a), where m(a|s)/moa(als) is the probability ratio

ESNPWOM ,a~Told

Theorem 1. Define that C = max|A™M (s,a) 47/(1 — )% My, (1) = Ly (1) —
s,a

Cmaxses Dy, (Woldy 77)- We have 77(77) > My, (), 1(7ola) = M,y (Trold)'

This theorem implies that maximizing M., (7) guarantee non-decreasing of the performance of the

new policy 7. To take larger steps in a robust way, TRPO optimizes L,_ () with the constraint
maxgses Dy (To1d, ™) < 0, which is called the trust region.


https://github.com/wangyuhuix/TRGPPO

4 The Exploration Behavior of PPO

In this section will first give a brief review of PPO and then show that how PPO suffers from an
exploration issue when the initial policy is sufficiently far from the optimal one.

PPO imposes the policy constraint through a clipped surrogate objective function:

m(als)

Lgﬂp(w) =K [min (7T(a|s)A’T°1d(s7a), clip <7r0101(a|5)’ ls.a; usya> ATl (g, a))} (D

Tola(a|s)

where [ , € (0,1) and u, , € (1,+00) are called the lower and upper clipping range on state-
action (s, a). The probability ratio 7(als)/me1a(als) will be clipped once it is out of (Is 4, Us,a)-
Therefore, such clipping mechanism could be considered as a constraint on policy with ratio-
based metric, i.e., 5, < 7w(als)/mod(als) < us 4, which can be rewritten as, —mo1a(als)(1 —

lsa) < m(als) — moa(als) < moalals)(use — 1). We call (LL  (s,a), U’ (s,a)) =
(—mora(als)(1 = ls.a), Tola(als)(us,o — 1)) the feasible variation range of policy m w.r.t. Tolq On
state-action (s, a) with the clipping range setting (I, u), which is a measurement on the allowable

change of policy 7 on state-action (s, a).

Note that the original PPO adopts a constant setting of clipping range, i.e.,ls, =1 —€,usq =14 €
for any (s,a) [18]. The corresponding feasible variation range is (L1 (s, a),Ur <(s,a)) =
(—mowa(als)e, mora(als)e). As can be seen, given an optimal action aepy and a sub-optimal
One Agybopt ON state s, if Toid(Gopt|s) < Told(Asubopt|s), then [(LL-¢(s,a, . ), UL (s, a,,,))|<
[(LL (8, a0, ) ULT(s, a0, )| This means that the allowable change of the likelihood on opti-
mal action, i.e., T(aopt|s), is smaller than that of m(asubopt|s). Note that m(aops|s) and 7(asubopt |s)
are in a zero-sum competition, such unequal restriction may continuously weaken the likelihood of
the optimal action and make the policy trapped in local optima. We now give a formal illustration.

Algorithm 1 Simplified Policy Iteration with PPO
1: Initialize a policy mo, t < 0.

2: repeat
3:  Sample an action G¢ ~ .
4:  Get the new policy 741 by optimizing the empirical surrogate objective function of PPO based on a.:
me(a)uq a = a¢ and c(a) > 0
me(a)la a = a¢ and c(a) < 0
~ m(ag)ug, —m¢(ag) N N
7rt+1(a) = { m(a) — % a # a¢and c(ay) > 0 2)
¢ (a 1-14
m(a) + ‘t(alf;c)\(\—l a2 a #arandc(a) <0
mt(a) c(ar) =0

5. W41 = Normalize(ﬁ'tH)Z. t—t+1.
6: until 7; converge

We investigate the exploration behavior of PPO under the discrete-armed bandit problem, where there
are no state transitions and the action space is discrete. The objective function of PPO in this problem

is LCMP (1) = R [min( m(a) c(a),clip( mla) ua) c(a))] Let At 2 {a € Alc(a) > 0},

Told Told (@) Towa(a)? '@

A~ £ {a € A|c(a) < 0} denote the actions which have positive and negative reward respectively,
and Asubopt = A [{aopt} denote the set of the sub-optimal actions. Let aqpy = argmaz, c(a)
and asubops € Asubopt denote the optimal 3 and a sub-optimal action. Let us consider a simplified
online policy iteration algorithm with PPO. As presented in Algorithm 1, the algorithm iteratively
sample an action a; based on the old policy 7,1q at each step and obtains a new policy Tpeyw.

We measure the exploration ability by the expected distance between the learned policy 7; and the
optimal policy 7* after ¢-step learning, i.e., A, , £ Er, [||m — 7%/ |mo], Where 7*(aopt) = 1,
7 (a) = 0 for a # aops, o is the initial policy, m; is a stochastic element in the policy space and

*#4+1 may violate the probability rules, e.g., >, #:+1(a) > 1. Thus we need to enforce specific normaliza-
tion operation to rectify it. To simplify the analysis, we assume that 7441 = ¢41.
3 Assume that there is only one optimal action.



depends on the previous sampled actions {at/}i,;ll (see eq. (2)). Note that smaller A, means
better exploration ability, as it is closer to the optimal policy. We now derive the exact form of A/ ;.

Lemmal. A £E, [|m —7*|c|mo] = 1 — Ex, [me(aopt)|mal.

Lemma 2. IEﬂ't+1 [7Tt+1(a)‘ﬂ-0] = Eﬂ'z [Eﬂul [ﬂ-t-ﬁ-l(a)hrt} |7T0]'

We provide all the proofs in Appendix E. Lemma 1 implies that we can obtain the exploration ability
A, ; by computing the expected likelihood of the optimal action apt, i.€., Ex, [m¢(aopt)|mo]. And
Lemma 2 shows an iterative way to compute the exploration ability. By eq. (2), for action a which
satisfies ¢(a) > 0, we have

m2(at w2 (a™
Erpyy [rep1@lme] = mi(@) + | 72@ua — 1) = 3 l;f RIS |f4<| R S| )
ateAt/{a} I- a= €A™ -

This equation provides a explicit form of the case when the likelihood of action a would decrease.
That is, if the second term in RHS of eq. (3) is negative, then the likelihood on action a would
decrease. This means that the initialization of policy 7y profoundly affects the future policy 7;. Now
we show that if the policy 7 initializes from a bad one, 7(aop) may continuously be decreased.
Formally, for PPO, we have the following theorem:

Theorem 2. Given initial policy mo, if T&(aopt) - A< ZasubopteAsubopt 78 (Asubopt) —
> a-ca- mo(a™), then we have

(i) Zasubopt € Asubopt To (asub‘)pt) < Zasubopt €A

Zasubopt EAsubopt E"'FPO [ﬂ-FPO (asubOPt) ‘7‘1’0] ,

EWFPO [WFPO(asubopt”ﬂ'o] < e <

subopt

(ii) Wo(aopt) > Eﬂfpo [ﬂ'fpo(aopt)‘ﬂ'o] > > Eﬂfpo [Ffpo(aopt)‘ﬂ'o} N

(iii) Ay, o < ARPO <o < ADPO.

Conclusion (i) and (ii) implies that if the optimal action a.py is relatively less preferred than the
sub-optimal action as,pbopt by the initial policy, then the preference of choosing the optimal action
would continue decreasing while that of the sub-optimal action would continue increasing. This is
because the feasible variation of probability on the optimal action 7(aepy) is larger than that on the
sub-optimal one 7(asubopt ), increasing probability on the latter one could diminish the former one.
Conclusion (iii) implies that the policy of PPO is expected to diverge from the optimal one (in terms
of the infinity metric). We give a simple example below.

Example 1. Consider a three-armed bandit problem, the reward function is c(aopy) =
1, c(asubopt) = 0.5, ¢(@worst) = —50. The initial policy is my(aopt) = 0.2, To(Asubopt) =
0.6, mo(aworst) = 0.2. The hyperparameter of PPO is ¢ = 0.2. We have AEEOO = 0.8,
Aﬁi? =0.824,..., Aﬁgg ~ 0.999, which means the policy diverges from the optimal one.

Note that the case that the optimal action ap, is relatively less preferred by the initial policy may be
avoided in discrete action space, where we can use uniform distribution as initial policy. However,
such a case could hardly be avoided in the high dimensional action space, where the policy is possibly
initialized far from the optimal one. We have experimented Example 1 and a continuous-armed bandit
problem with random initialization for multiple trials; about 30% of the trials were trapped in the
local optima. See Section 6.1 for more detail.

In summary, PPO with constant clipping range could lead to an exploration issue when the policy is
initialized from a bad one. However, eq. (3) inspires us a method to address this issue — enlarging the
clipping range (l,, u,) when the probability of the old policy mojq(a) is small.

5 Method

5.1 Trust Region-Guided PPO

In the previous section, we have concluded that the constant clipping range of PPO could lead to an
exploration issue. We consider how to adaptively adjust the clipping range to improve the exploration



behavior of PPO. The new clipping range (12 ,,u2 ,), where § is a hyperparameter, is set as follows:

s,a’ s,a
7(als)

[ m(als) 5
2. = : Dy, ,m) < dp,ul, =
o mm{ ke, (Tota, ™) < } Hoa = DX { Tola(als)

s D (mo1a,m) < 6 p (4
p ﬂ_OId(als) e KL( old, ) = ( )
To ensure the new adaptive clipping range would not be over-strict, an additional truncation operation
is attached: 134 = min(1J ,,1 — €), ud, = max(ul ,, 1+ €). This setting of clipping range setting

could be motivated from the following perspectives.

First, the clipping range is related to the policy metric of constraint. Both TRPO and PPO imposes
a constraint on the difference between the new policy and the old one. TRPO uses the divergence

metric of the distribution, i.e., D (mo1a, 7) = E, {log T“;T‘E’T(‘"J;)} < § for all s € S, which is more

theoretically-justified according to Theorem 1. Whereas PPO uses a ratio-based metric on each action,
ie,1—e< :r(a‘s) <1l+eforalla € Aand s € S. The divergence-based metric is averaged over
the action space while the ratio-based one is an element-wise one on each action point. If the policy
is restricted within a region with the ratio-based metric, then it is also constrained within a region
with divergence-based one, but not vice versa. Thus the probability ratio-based metric constraint is
somewhat more strict than the divergence-based one. Our method connects these two underlying
metrics — adopts the probability ratio-based constraint while getting closer to the divergence metric.

Second, a different underlying metric of the policy difference may result in different algorithm
behavior. In the previous section, we have concluded that PPO’s metric with constant clipping range
could lead to an exploration issue, due to that it imposes a relatively strict constraint on actions which
are not preferred by the old policy. Therefore, we wish to relax such constraint by enlarging the
upper clipping range while reducing the lower clipping range. Fig. 1a shows the clipping range of
TRGPPO and PPO. For TRGPPO (blue curve), as 7,14 (als) gets smaller, the upper clipping range
increases while the lower one decreases, which means the constraint is relatively relaxed as moq(a|s)
gets smaller. This mechanism could encourage the agent to explore more on the potential valuable
actions which are not preferred by the old policy. We will theoretically show that the exploration
behavior with this new clipping range is better than that of with the constant one in Section 5.2.

Last but not least, although the clipping ranges are enlarged, it will not harm the stability of learning,
as the ranges are kept within the trust region. We will show that this new setting of clipping range
would not enlarge the policy divergence and has better performance bound compared to PPO in
Section 5.3.

Our TRGPPO adopts the same algorithm procedure as PPO, except that it needs an additional
computation of adaptive clipping range. We now present methods on how to compute the adaptive
clipping range defined in (4) efficiently. For discrete action space, by using the KKT conditions, the
problem (4) is transformed into solving the following equation w.r.t X.

1-— Wold(a|8)

9(Toa(als), X) £ (1 — moia(als)) logm

— Told(als) log X =0 ®)
which has two solutions, one is for [3 , which is within (0, 1), and another one is for uJ , which is

within (1, +00). We use MINPACK’s HYBRD and HYBRIJ routines [15] as the solver. To accelerate
this computation procedure, we adopt two additional measures. First, we train a Deep Neural Network

Clipping Range Variation 42 of TRGPPO
— 8, of TRGPPO ~ °? - [ of TRGPPO /
4.0 sa 0.15 1-¢of PPO
=== ¢, of TRGPPO 0.1 1+¢0f PPO
3.0 1+¢of PPO 0.05
1-¢€of PPO
2.0 K02 04 06 08 10
’0-05(1 SN Tedlals) ‘,}
L R ————— —— TRGPPO =<z
Pt -- TRGPPO e~ a0
1 PPO ~
0 0.2 0.4 0.6 0.8 1 PPO -
TMoa(als) 3 2 a1 d 1 2 3
(@) (b) ©

Figure 1: (a) and (b) plot the clipping range and the feasible variation range under different 714 (a|s)
for discrete action space task. (c) plots the clipping range under different a for continuous action
space task, where mo14(als) = M (a0, 1) (black curve).



(DNN) which input 7,1q(a|s) and d, and approximately output the initial solution. Note that the
solution in (5) only depends on the probability 7,14 (a|s) and the hyperparameter §, and it is not
affected by the dimension of the action space. Thus it is possible to train one DNN for all discrete
action space tasks in advance. Second, with fixed §, we discretize the probability space and save all
the solutions in advance. This clipping range computation procedure with these two acceleration
measures only requires only additional 4% wallclock computation time of the original policy learning.
See Appendix B.3 for more detail.

While for the continuous actions space task, we make several transformations to make the problem in-
dependent of the dimension of the action space, which makes it tractable to apply the two acceleration
measures above. See Appendix B.2 for more detail.

5.2 Exploration Behavior

In this section, we will first give the property of the clipping range of TRGPPO, which could affect
the exploration behavior (as discussed in Section 4). Then a comparison between TRGPPO and PPO
on the exploration behavior will be provided.

i,
> drmoia(als

5
Lemma 3. For TRGPPO with hyperparameter 9, we have dwi::(ygls) <0 y > 0.
This result implies that the upper clipping range becomes larger as the preference on the action by the
old policy 7,14 (a|s) approaches zero, while the lower clipping range is on the contrary. This means
that the constraints are relaxed on the actions which are not preferred by the old policy, such that it
would encourage the policy to explore more on the potential valuable actions, no matter whether they
were preferred by the previous policies or not.

We now give a formal comparison on the exploration behavior. As mentioned in Section 4, we
measure the exploration ability by the expected distance between the learned policy m; and the
optimal policy 7* after ¢-step learning, i.e., A, 2 K., [Im: — 7| oo|mo]. Smaller A, ; means the

better exploration ability. The exploration ability of TRGPPO is denoted as ATTr(ﬁ”tG PPO while that of
PPO is denoted as AEE?. By eq. (3) and Lemma 3, we get the following conclusion.

Theorem 3. For TRGPPO with hyperparameter (0,€) and PPO with same e. If § <
g(maxae A, 7t(a),1 + €) for all t, then we have ATREPPO < APFO for any t.

This theorem implies that our TRGPPO has better exploration ability than PPO, with proper setting
of the hyperparameter §.

5.3 Policy Divergence and Lower Performance Bound

To investigate how TRGPPO and PPO perform in practical, let us consider an empirical version
of lower performance bound: M,  (7) = L, (7) — C max; Dy (mo1a, 7) , where L (7) =

1 T w(a|s Ao .
T Yot {%A‘} + 77, sy~ proy,ar ~ Tod(¢]se) are the sampled states and actions,

where we assume s; # s; for any ¢ # j, A; is the estimated value of A™4(sy, a;), 7)™ is the
estimated performance of old policy 7o1q.

Let HEEWO denote the set of all the optimal solutions of the empirical surrogate objective function of
PPO, and let 7E5© € TIPEO denote the optimal solution which achieve minimum KL divergence
over all optimal solutions, i.e., D (7old, Tonl) < Dy (Toid, ) for any 7 € TILEO under all s;.
This problem can be formalized as mye” = argmin cpero (DR (Told, 7), - - -, DR (ol 7))
Note that 7(+|s;) is a conditional probability and the optimal solution on different states are
independent from each other. Thus the problem can be optimized by independently solving
Ming (. (s,)efn(|s;):renrroy DKL (ol (|s¢), 7(+|s¢)) for each s;. The final 7PO s obtained by
integrating these independent optimal solutions 7559 (+|s;) on different state s;. Similarly, 7 ZRGPFO
is the one of TRGPPO which has similar definition as 701© . Please refer to Appendix E for more
detail.

To analyse TRGPPO and PPO in a comparable way, we introduce a variant of TRGPPO.
The hyperparameter § of TRGPPO in eq. (4) is set adaptively by e. That is, § =

_pt _ o _
max ((1 —pT)log #fue) —ptlog(l+e€),(1—p)log #’(’1_5) —p~ log(1 — e)) , where



pt = max moa(ae]se), p~ = max Told(a¢]s¢). One may note that this equation has a simi-
t: Ay >0 t: A <0

lar form to that of eq. (5). In fact, if TRGPPO and PPO share a similar ¢, then they have the same KL
divergence theoretically. We conclude the comparison between TRGPPO and PPO by the following
theorem.

Theorem 4. Assume that max; D3}y (To1a, ThaO) < 400 for all t. If TRGPPO and PPO have the
same hyperparameter €, we have:

(Jul, ., > 1+eandld, , <1—cforall (s, a);
TRGPPO
new

(lll) Mﬂ-old (WEG%GPPO) Z Mﬂ'old N
Tod(ae|st) # max maa(az|sp) and moa(ase) # max mwaa(az|sg), then My (7
t:A;<0 t:A;>0

y : , PPO).
(if) max; Dy (mo1d, ) = maxy Dy (Tola, POy,
PPOY . Particularly, if there exists at least one (sy, ay) such that
TRGPPO) >

new

(m

My (M)

Conclusion (i) implies that TRGPPO could enlarge the clipping ranges compared to PPO and
accordingly allow larger update of the policy. Meanwhile, the maximum KL divergence is retained,
which means TRGPPO would not harm the stability of PPO theoretically. Conclusion (iii) implies
that TRGPPO has better empirical performance bound.

6 Experiment

We conducted experiments to answer the following questions: (1) Does PPO suffer from the lack of
exploration issue? (2) Could our TRGPPO relief the exploration issue and improve sample efficiency
compared to PPO? (3) Does our TRGPPO maintain the stable learning property of PPO? To answer
these questions, we first evaluate the algorithms on two simple bandit problems and then compare
them on high-dimensional benchmark tasks.

6.1 Didactic Example: Bandit Problems

We first evaluate the algorithms on the bandit problems. In the continuous-armed bandit problem, the
reward is 0.5 for a € (1,2); 1 for a € (2.5,5); and 0 otherwise. And a Gaussian policy is used. The
discrete-armed bandit problem is defined in section 4.We use a Gibbs policy 7(a) o exp(d,), where
the parameter 6 is initialized randomly from A/ (0, 1). We also consider the vanilla Policy Gradient
method as a comparison. Each algorithm was run for 1000 iterations with 10 random seeds.

Fig. 2 plots the performance during the training process.

PPO gets trapped in local optima at a rate of 30% and 20% Discrete Bandit Continuous Bandit
of all the trials on discrete and continuous cases respec-
tively, while our TRGPPO could find the optimal solution
on almost all trials. For continuous-armed problem, we

have also tried other types of parametrized policies like .. 0 e | 07 f e e
Beta and Mixture Gaussian, and these policies behaves  oof—s5——5 1m0 l ST s5—55 150
similarly as the Gaussian policy. In discrete-armed prob- eretions teretons

lem, we find that when the policy is initialized with a local Figure 2: The performance on discrete
optima, PPO could easily get trapped in that one. Notably, and continuous-armed bandit problems
since vanilla PG could also find the optimal one, it could during training process.

be inferred that the exploration issue mainly derives from

the ratio-based clipping with constant clipping range.

o 8 §
=

—— TRGPPO 0.4 —— TRGPPO

6.2 Evaluation on Benchmark Tasks

We evaluate algorithms on benchmark tasks implemented in OpenAl Gym [2], simulated by MuJoCo
[21] and Arcade Learning Environment [1]. For continuous control tasks, we evaluate algorithms on
6 benchmark tasks. All tasks were run with 1 million timesteps except that the Humanoid task was
20 million timesteps. The trained policies are evaluated after sampling every 2048 timesteps data.
The experiments on discrete control tasks are detailed in Appendix C.
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Figure 3: Episode rewards during the training process; the shaded area indicate the standard deviation
over 10 random seeds.

Table 1: Results of timesteps to hit a threshold within 1 million timesteps (except Humanoid with 20
million) and averaged rewards over last 40% episodes during training process.

(a) Timesteps to hit threshold (x 10%) (b) Averaged rewards
Threshold TRGPPO PPO 170" SAC |TRGPPO PPO 'O saC
penalty penalty

Humanoid 5000 4653 7241 13096.0 343.0 | 70749 66209 36123 6535.9

Reacher -5 201 178.0 301.0 265 -71.9 -6.7 -6.8 -17.2

Swimmer 90 353.0 564 507.0 /* 101.9 100.1 94.1 49

HalfCheetah 3000 117 148 220.0 53.0 4986.1  4600.2  4868.3 9987.1
Hopper 3000 168.0 267 188.0 209 3200.5 28489 3018.7 3020.7

Walker2d 3000 269.0 454 393.0 610 3886.8 3276.2 3524 2570

For our TRGPPO, the trust region coefficient ¢ is adaptively set by tuning ¢ (see Appendix B.4
for more detail). We set ¢ = 0.2, same as PPO. The following algorithms were considered in the
comparison. (a) PPO: we used ¢ = 0.2 as recommended by [18]. (b) PPO-entropy: PPO with an
explicit entropy regularization term SEg [H (7o1a(+]s), 7(:|s))], where 5 = 0.01. (c) PPO-0.6: PPO
with a larger clipping range where € = 0.6. (d) PPO-penalty: a variant of PPO which imposes
a penalty on the KL divergence and adaptively adjust the penalty coefficient [18]. (e) SAC: Soft
Actor-Critic, a state-of-the-art off-policy RL algorithm [9]. Both TRGPPO and PPO adopt exactly
same implementations and hyperparameters except the clipping range based on OpenAl Baselines
[4]. This ensures that the differences are due to algorithm changes instead of implementations or
hyperparameters. For SAC, we adopt the implementations provided in [9].

Sample Efficiency: Table 1 (a) lists the timesteps required by algorithms to hit a prescribed threshold
within 1 million timesteps and Figure 3 shows episode rewards during the training process. The
thresholds for all tasks were chosen according to [23]. As can be seen in Table 1, TRGPPO requires
about only 3/5 timesteps of PPO on 4 tasks except HalfCheetah and Reacher.

Performance/Exploration: Table 1 (b) lists the averaged rewards over last 40% episodes during
training process. TRGPPO outperforms the original PPO on almost all tasks except Reacher. Fig. 4a
shows the policy entropy during training process, the policy entropy of TRGPPO is obviously higher
than that of PPO. These results implies that our TRGPPO method could maintain a level of entropy
learning and encourage the policy to explore more.

</ means that the method did not reach the reward threshold within the required timesteps on all the seeds.
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Figure 4: (a) shows the policy entropy during training process. (b) shows the statistics of the computed
upper clipping ranges over all samples. (c) shows the KL divergence during the training process.

The Clipping Ranges and Policy Divergence: Fig. 4b shows the statistics of the upper clipping
ranges of TRGPPO and PPO. Most of the resulted adaptive clipping ranges of TRGPPO are much
larger that of PPO. Nevertheless, our method has similar KL. divergences with PPO (see Fig. 4c¢).
However, the method of arbitrary enlarging clipping range (PPO-0.6) does not enjoy such property
and fails on most of tasks.

Training Time: Within one million timesteps, the training wall-clock time for our TRGPPO is 25
min; for PPO, 24 min; for SAC, 182 min (See Appendix B.3 for the detail of evaluation). TRGPPO
does not require much additional computation time than PPO does.

Comparison with State-of-the-art Method: TRGPPO achieves higher reward than SAC on 5
tasks while is not as good as it on HalfCheetah. And TRGPPO is not sample efficient as SAC on
HalfCheetah and Humanoid. This may due to that TRGPPO is an on-policy algorithm while SAC
is an off-policy one. However, TRGPPO is much more computationally efficient (25 min vs. 182
min). In addition, SAC tuned hyperparameters specifically for each task in the implementation of the
original authors. In contrast, our TRGPPO uses the same hyperparameter across different tasks.

7 Conclusion

In this paper, we improve the original PPO by an adaptive clipping mechanism with a trust region-
guided criterion. Our TRGPPO method improves PPO with more exploration and better sample
efficiency and is competitive with several state-of-the-art methods, while maintains the stable learning
property and simplicity of PPO.

To our knowledge, this is the first work to reveal the effect of the metric of policy constraint on the
exploration behavior of the policy learning. While recent works devoted to introducing inductive
bias to guide the policy behavior, e.g., maximum entropy learning [24, 8], curiosity-driven method
[13]. In this sense, our adaptive clipping mechanism is a novel alternative approach to incorporate
prior knowledge to achieve fast and stable policy learning. We hope it will inspire future work on
investigating more well-defined policy metrics to guide efficient learning behavior.
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A Example: Continuous-Armed Bandit

In this section, we show how PPO and TRGPPO perform in
continuous action space by a simple continuous-armed ban-
dit problem. Fig. 2 (b) shows the plot of reward function
(black dashed curve). Let aguhopt denote any sub-optimal ac-
tion which achieves second-highest reward; and let a,p; de-
note the optimal one. The policy is a parametrized Gaussian
(orange solid curve).

—— ug of TRGPPO
--- ¢ of TRGPPO /

1-¢of PPO
1+ ¢ of PPO
— Moa(a)

Fig. 1 shows the clipping ranges for different actions in con-
tinuous action space, where dim(A) = 1. The old policy is
mod(a) = N (al0,1) (black curve). Note that the probability
mold (@) goes smaller as a is away from zero which the mode of
the Gaussian distribution. As the figure shows, in continuous
action space, our TRGPPO method sets larger clipping range
for action which is less likely to be chosen, while PPO sets a
constant clipping range under all actions.

Figure 1: Clipping Range of
TRGPPO (blue curve) and PPO
(orange curve) on different actions.
For TRGPPO, ¢ = 0.05, while for
PPO, ¢ = 0.2. The distribution of
old policy is mo1a(a) = N (a|0,1).
Fig. 2 shows the training process of PPO on the continuous-

armed bandit problem. As can be seen, the allowable improve-

ment of 7(aopt ) of PPO is quite limited. It will require quite a

large number of steps for m(aopt) to peak. On the other hand, the limited improvement at 7(acpt,)
will prevent the policy from allocating more probability at a,pt. In other words, it will explore less
at aopt. Whereas the allowable improvement at agybopt is relatively relax. This uneven restriction
may result in a growing improvement of 7 (asybopt) and a diminishment of 7(aept ). Consequently,
the policy is trapped in local optima, as Fig. 2 (c) shows. Note that although we use Gaussian distri-
bution as our policy in the example, these issues could also happen on multimodal distribution like
Mixture Gaussian or heavy tailed distribution like Beta distribution.

Fig. 3 shows the training process of TRGPPO. When the policy enters into a locally optimal one,
the corresponding feasible variation of 7(aqpt) is close to that of 7(asubopt) in TRGPPO, as Fig. 3
(b) shows. Note that the advantage value at a,p, is larger than that at agypopt. This could result in
a growing reinforcement of 7 (aopt), Which accordingly leads to a diminishment of 7(asubopt). In
this way, the policy jumps out of the local optima and converges to the optimal policy, as Fig. 3 (c)
shows.
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Figure 2: Training process of PPO. The orange solid curve plots the probability density function
(PDF) of policy at the training process. The black dashed curve plots the reward function of the
bandit problem.
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Figure 3: Training process of TRGPPO.



B Computation of Adaptive Clipping Range

In this section, we detail the method for adaptive clipping range computation, which is formalized
as the following problem.

. T ag|s st
o= {2y Pt ) < 1) o
5 (a|st) s
= ———— D} (mog, ) <O 2
uSt,at mgx {Trold(atst) KL(W 1d 7T) = ( )

To be abbreviated, we describe the approach for minimization case under discrete and continuous
action space respectively, while that for the maximization case is similar.

B.1 Discrete Action Space

For discrete action space tasks, it is standard to use a DNN with softmax output layer to represent
the policy, i.e., w(a|s) = [f§ (s)]a, where f} (s) is the parameter of categorical distribution on state
s and the subscript a denote the a-th entry of the vector. The optimal clipping range should be
computed should be independent of special parametrization of f}. Thus the problem is formalized
as an optimization problem of two Categorical distributions. Given s, and a, let p’ = f7,(s;), where
0’ is the parameter of old policy mg1q, the computation of lghat in (1) is formalized as the following
optimization problem:

. DPay
mlnf
P Pa,
/
X ot <5, Y= ®
acA Pa a€A

0<ps<lforac A

While the optimization problem for u$
the Lagrangian multipliers.

v is the maximization case of problem (3). Let A and v be

/
A (—i“) tv=0, fora#a (4a)
1 /
,+A<—“‘”f)+u=0 (4b)
pat pat
(St =)
A phlog=% —§ | = (4c)
ac A Pa
> pa=1 (4d)

By (a)(b), we have A # 0, since if A = 0 then v = 0 (by (a)), which contradicts (b). Second, by
(c) and A # 0, we have ) , p;, log(pl,/pa) = d. Third, taking (a) into (d), we have p), /p, =

v/A = (1—-p;,)/(1 = pa,) for a # a;. Then, taking this equation into ) , p;, log(p;,/pa) = 9,
this problem is transformed into solving the following equation w.r.t. pg, .

1 _p/ at
(1—p,,) log ——2 — pf, log 2ot = 6 )
1 _pat

In fact, there are two groups of solution for (5), where p,, / p;t < 1 is the one for the minimization
case, while p,, /p,, > 1 is the one for the maximization case.

B.2 Continuous Action Space

For continuous action space tasks, it is standard to represent the stochastic policy by a parameterized
conditional Gaussian distribution[4, 2], i.e., w(a|s) = N (a|f} (s), f7 (s)), where f} and f;" are two



DNNs which output the mean vector and covariance matrix. Note that the optimal clipping range
should be computed independent of special parametrization of f}' and foz. Thus the problem (D)is
formalized as an optimization problem of two Gaussian distributions. Given (s, a;), let /' = f};(s¢)

and ¥’ = f3(s;), where ¢’ is the parameter of old policy 714, the computation of le a, 0 (1) s
formalized as the following optimization problem:
1 _ -
min (= 1ogl (i — a) 7 (1 — ) + loglS |+ (' — a0) S (' — )
he ©

1 _ _
sty (log == —I—tr{E’ 12} + (pn— u')TZ’ Y= — D) —6<0

where u € RP, Y e RP*D jsa positive semi-definite matrix, D = dim(.A) is the dimension of ac-
tion space. The objective function is log of the ratio 7. The covariance matrix could be decomposed

by X/ = 557", and we introduce a rotation matrix R € RP*D (whichhas RTR =R 'R =1).

Second, by replacing 1 with ¥/ Ry + ¢/, and ¥ with ' RERTS/ | we could transform the problem
to

1 _ _ _ T
min= (f log|S|—(p — a;) ' 71 (u— ag) + a;rat>
w2 %

1 -1 TL_D)—
s.t.2(10g|2 |+tr{S}+p'p—D)—-56<0

where a; = RTY " (4 — ay).

Next, we constrain the covariance matrix 3 to be diagonal. The final result is sub-optima compared
to the original problem. However, we don’t require accurate clipping bound when optimizing policy.
Another reason is that in practice the diagonal Gaussian policy is widely used in RL realizations.
Then (7) is equivalent to the following problem.

mln Z( logoy — Md*atd) o 71+d§,d)
- ¥
Z logad—l—od-l-ugl—D]—éSO

where ;1 € RP, o € R+, We choose appropriate R to make dy.q = i = H(// — ay) i’_l"/@

ford =1,2,---, D, which means that all entries of a, are equal. Let A be the Lagrangian multiplier,
by appling the KKD condition,

_(Mda_dat)—"_)\ud_o d:1’7D
,é+M+A{,é+1]:O d:17...7D

LD )
)\(de1 [—logog+ o + p3 — D] —6) =0
A>0

By the equations above, we could easily know that w4 and o4 are equal for all d. Thus the problem
could collapse to the following problem,

1
miniD (— logo — (u— )0t + (0 — dt)2)
“"’1 (10)
s.tE (710g0'+0'+,u2 — 1) -D15<0

Remember that ¢, = H(,u’ fat)f]’_lu/\/ﬁ, i € R, 0 € RT. Until now, the original D-

dimensional optimization problem is transformed to a 1-dimensional optimization problem. By
the KKT conditions above, we could obtain the following equations w.r.t. x, o and .



When a; # 0, the problem is transformed into solving the following equations w.r.t. u, o, A:

—log (=dd) WP =asp=1) | (u=a))@’=apu=1) | 2 —1-2D"1 =0

a Q¢

UZ(Mfdt)(/ji2—at/~L—1)/dt (1D
o

When @, = 0, the problem is transformed into solving the following equations w.r.t. p, o, A:

p=20
—logo+0—-1-25/D=0 (12)
A\ = —<7+df

~ —o+40?

There are two groups of solution for both (11) and (12), where A > 0 is the one for the minimization
case, while A < 0 is the one for the maximization case.

B.3 Computation Acceleration

Note the solutions in (5) only depend on the one-dimensional constant p/, and §, while (11) and (12)
only depend on one-dimensional constant ¢ and 6/D. We use MINPACK’s HYBRD and HYBRJ
routines [3] as the solver. To accelerate this computation procedure, we propose two additional
approach. One is to train a DNN which input 7,14 (a|s) and ¢ and approximately output the solutions,
which serve as the initial solutions for the solver. The other is to discretize the space of the input
and save all the solutions in advance. The experimental results in our main content are conducted
with the discretization version.

Table 2 shows the wall-clock time required by variants of TRGPPO and PPO to finish benchmark
tasks in a modern CPU. With our proposed acceleration tricks, the optimization time of calculating
clipping range can be reduced significantly. The result is obtained with the same experiment setup
as previous experiments. The experiments are applied on a computer with an Intel i5-7500 CPU,
16GB of memory and a GeForce GTX 1060 GPU.

Table 1: Input and output of the DNN for solving problems. For discrete action space, we sample
1000 p!,. For continuous action space, we sample 1000 & and 1000 /D (note we take /D as an
entity). We solve these problems and obtain the corresponding solutions, and these data are used to
train our DNN.

Input Output
Discrete Action Space pl, ~U(0,1) Da
Continuous Action Space | a ~ U(—5,5); D16 ~ U[0.0002, 0.01] W, o

Table 2: Comparison of computation cost for TRGPPO with different acceleration tricks.
TRGPPO TRGPPO TRGPPO

PPO (discretization)  (solver) (DNN)
Mujoco(10° timesteps) 24 min 25 min 52 min 29 min
Atari(10” timesteps) 195 min 198 min 243 min 213 min

B.4 Adaptively Setting ¢ with ¢

We detail method about how to adaptively set § by e. Our goal is to make TRGPPO has theoretical
maximum KL divergence over all sampled states.

For discrete action space, let p™ = max. Told(at|st), p~ = ax mold(at]st). By eq. (5), we set &
AL > A<

t:A
by
§ =maz(6%,57) (13a)
5t = (1—p*)log e N ptlog(l +e) (13b)
1—pt(l+e)
0 = (1—p_)log1_7]f —p~log(1l—¢) (13¢)
1—p=(1-¢)
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Figure 4: Episode rewards achieved by algorithm during the training process averaged over 4 random
seeds. TRGPPO (blue line) achieves better performance than PPO (orange line).

For continuous action space, for PPO, theoretically, it always achieves maximum KL divergence at
the sampled action which is the mode of the Gaussian. Our idea is to make the optimal clipping
range at the mode of distribution equals the clipping range of PPO. By problem eq. (10) and (12),
we set § by

§ =max(6%,07) (14a)
1 —2log(1 1
5+ —log(1+ ) + LD exp(=2iel £y 1, (14b)
2 D 2
L 1 —2log(1 —¢) 1
0~ =log(l—¢€)+ §Dexp(T) §D (14¢)

C Additional Experiment

To evaluate the proposed TRGPPO on discrete tasks, we use Atari games as a testing environment,
so the policies are learned with raw images. We present results on several atari games in Fig. 4,
the blue and orange curves visualize the results using TRGPPO and PPO. We set § = 0.001 for all
tasks.

Both TRGPPO and PPO adopt exactly same implementations and hyperparameters given in [1] for
discrete tasks except that clipping range of TRGPPO is computed adaptively according to given 4,
and the policy entropy coefficient is 0 but not 0.01 used in PPO. This is because our TRGPPO has
better exploration property than PPO, so it does not need to add extra entropy regularization.

D Implementation Details

Table 3: Hyperparameters for PPO and TRGPPO on Mujoco tasks.

Hyperparameter \ Value
learning rate 3x 1074
. 64 (Humanoid)
number of parallel environments 2 (Other tasks)
timesteps per epoch 1024
L . -1.34 (HalfCheetah,Humanoid)
initial logstd of policy 0 (Other tasks)
policy Gaussian
A (GAE) 0.95
€ (clipping range) 0.2




Table 4: Hyperparameters for PPO and TRGPPO on Atari tasks.

Hyperparameter \ Value
learning rate 2.5 x 1074
number of parallel environments 8
timesteps per epoch 128
policy CNN
A (GAE) 0.95
€ (clipping range) LinearAnneal(0.1,0)

E Theorem Proof

In this section, we will give theorem proofs. To make it easier to read, we will mention the related
notations again.

E.1 Theorems in Section 4
Lemmal. A_ £ K, [Im — 7 |loo|m0] = 1 — Ex, [m(aopt)|mo]-

Proof: For any a # aqpt, then |1 (a) — 7 (a)|= |m(a)|< |1 — mi(@opt)|-

Thus we have ||, — 7| o= max,ec 4||m(a) — 7*(a)||= 1 — 7 (aopt)-

Lemma 2. IEﬂ't-¢—1 [ﬂt+1(a)|ﬂ-0] = Eﬂ't [Eﬂt+1 [ﬂ—t-‘-l(a”ﬁt} |7T0]'

Theorem 2. Given initial policy mo, if 73(aopt) - |A|< 2 eubopt EAvubopt 73 (Asubopt) —

> a-ca- Ta(a™), then we have

(l) Zasubopt 6«/45ubc>pt 7TO (asubopt) < Zasubopt E«/4smbopt ]Eﬂ.f’PO I:ﬂ-fpo (aSUbopt) |7TO] < I <

ZasuboptEAsubupt Eﬂ-fpo [ﬂfpo(asubopt) ‘770} N

(ii) mo(Gopt) > E rro [ﬂ'FPO(aoptHﬂ'o] > > Epro [ﬂfPo(aopt)‘ﬂ'o} ;
(iii) Ay, o < AFPO <o < APPD.
Proof: For PPO, if ¢(a) > 0, then we have
w2 (at 72(a~
Epro [miil (@)lm] = m(a)+ |7f(a) = Y |j4(|_1) + Y |j4(|_1> e (15
ateAt /{a} a” €A~

2, —
Let L(a) = 77 (a) — Za+eA+/{a} \,4| 1 = Da-ed- %'

If 72 (aopt) - |A|< ZambomeAsubopt 73 (asubopt) — Dg—ec.a- To(a™), then we have L(aopt) < 0.
Hence we obtain 75" (aopt) > Errro [7170 (aops)|m] -

For agyubopt, we have

Z L(asubopt)

a€ Agubopt
) 2/ iy Mot {10
- Z 75 (subopt) — Mo (™) A1 p + Z \A|
a€asubopt
Thus we have
Z 7"'o(asubopt) < Z Eﬂfpo [W{)Po(asubopt)hm] (17)

Asubopt € Asubopt Gsubopt EAsubopt



Then by Lemma 2, we obtain (i) and (ii). Since (ii) holds, by Lemma 1, we get (iii).

O
E.2 Theorems in Section 5
5 5
Lemma 3. For TRGPPO with hyperparameter 9, we have dwi:;‘(ygls) <0, dwzl;62|s) > 0.
Proof: By solving (1) and (2) for discrete space, we have
1 — mold(als) 5o
(1 — 7o1a(als)) log T rmoaals)li. Tod(als) logly , = 0 (18)
Tod(als) [
(]. —Wold(a|s))10gW —Wold(a|8) logus’a =0 (19)
o s,a
To be abbreviated, let | = lft ap U= Ugt,a,,’ p = Tod(at]st). By eq. (18), we have
a (0 =phlog G2 +1-1)
dp p(l—1)
_ 1(1—pl) log (1-p)l n 1-1 (20)
p(l—1) 1—pl 1—pl
I(1—pl) -1 -1
=—"11 1 —
pi—1) BT T
Note that 0 < I < 1,1 —pl > 0, we have {= = —{=4 > —1. Indeed, log(1 + z) — 2 < 0 for
any x > —1. Hence, log (1 + ?pl) pl < 0. We obtam s 0.
Similarly, we can get that > 0.
O

Theorem 3. For TRGPPO with hyperparameter (0,€) and PPO with same e. If § <

g(MaxXae A, pop Tt(a), 1+ €) for all t, then we have A, RGPPO < ALY for any t.
Proof: If § < g(maxae .y, Tt(a), 1 4 €), then by Lemma 3 and Lemma 5 we have ugsuw <
1 + e. Hence, ug;‘]bcpt =1+e

Meanwhile, u2¢ > 1+ e and (%€ < 1 — ¢ for any a.
If ¢(a) > 0, then we have

5 (a w2 (a”
Evrnew[ﬂnew(a)ﬂt]—m(a)-i-[ﬂf(a)(%—l)— > \:4(| (s — D+ 3 ;fl_l)u—za_)]

ateAt/{a} aT €A~

ey

Since u‘se > 1 + € and 1% < 1 — ¢ while u®€ = 1 + ¢ we can get

— a — Qsubopt

EW;TEIGPPO WaFfGPPO(aOpt)hrt} > Eﬂfflo [wfﬁo(aopt)ht}.

TRGPPO PPO
Then by Lemma 2, we have E, rrcrro |:7Tt+1 (@opt) \770} > Eﬂfffu [WHI (@opt) ‘7T0:| .

ATRGPPO < APPO

Finally, by Lemma 1, we have ot



We now derive the form of the optimal solution which achieves minimum KL divergence over all
optimal solutions. The general form of surrogate objective function of PPO is as follows:

T
A 1 . .
LSOI;(EP(W) =7 Z [min (7 (s¢, ar)Ag, clip (1= (e, at)s Us, ap» Usya,) At))] (22)
t =1

Let II, ., denote the set of all the optimal solutions of the empirical surrogate objective function of
PPO, and let 7, € II,., denote the optimal solution which achieves minimum KL divergence
over all optimal solutions, i.e., D (Told; Tpew) < Dy, (Told, 7) for any m € II, ., under all s;.

We first give the form of I, .

Lemma 4. II . = {wlforalltthat A, < 0,7(at|st) < mora(at|st)ls, a.;for all t that Ay >
0, m(a¢ls¢) > min(moia(ar|se) s, a5 1) }-

Proof:

We first prove that if a policy 7* satisfies the conditions in IT then 7 € II .-

new?

Let Lt (m) = min (rr(s¢, a) Ag, clip (rr(Se, ar), s, aps Usy,a, ) At)). To prove that i/CLIP(W*> >

Told Told —

LELIP () for any 7 under all ¢.

2P () for any , we just need to prove that Lt (7*) > Lt

Told

IfA; <0, I:frol o () could be rewritten as the following form:

Tt ( ): {ZSt,atAt Tﬂ(st,at) < lst,at

23
Told Tw(st,at)At TTr(Staat) > lst»at @9

Tt
Thus, we have L,r01 4

(1) < lgy.a,Ar = Lt

o (%) for any 7.

Similarly, if A; > 0, we also have ﬁ;old (m) < Lt

o (%) for any 7.

We then prove that if a policy 7y does not satisfy the conditions in II
solution in maximization problem of eq. (22).

then 7* is not an optimal

new?

We have ﬁﬁrold (mo) < Lt (7*)

Told

We can construct a policy 7* that satisfy the conditions in the IT ..

on ¢ that does not satisfy the conditions. Hence, LEMIP (mg) < LELIP (7).

O

We now derive the form of 7, .
If A; <0, by Lemma 4, minger_ Dgy (7ola, 7) is formalized as the following problem:
Told (at ‘St)

m(a|st)

st.m(alse) < moa(ae|se)ls, a, (24)

> m(als) = 1,7(als;) > 0

a

H;inzﬂ'old(a‘st)log
a

By using the KKT conditions, we can get that

mod(alse)(1—mora(at|se)ls, o
el 0= roals)lep) o 2 g

ﬂ-new(a|st) = { 1—mo1d(at|st) (25)

WOld(at‘St)lst,at a = a¢
The according KL divergence is

1 — mora(ae|se)
1- 71—old(at|5t)lst,at

D (Tolds Thew) = (1 — Tora(aslst)) log — Told(a¢|se) logls, o, (26)

Similarly, if A; > 0, we can get

Tota(alse) (1—min(mo1a (at|se) s, a;,1))
Thew (alst) = { 1—7o1a(at|st) a # ag o7

min(moid (@t |st) s, a,5 1) a=a;



If A, > 0 and mo1q(ae|st)us, o, < 1, the according KL is

1 — o1a(at|se)
1 — moa(at|se) s, a,

DL (Tolds Tew) = (1 = Towd (ar]st)) log — Mol (at|st) log s, a,  (28)
If Ay > 0 and moq(at|se)us,.q, > 1, we have D (Told, Thew) = -++00. Equation (26) and eq. (28)
have just the same form w.rt. s, o, and us, , respectively. In fact, since I, ,, € (0,1) and
Us,.a, € (1,+00), the monotonicity w.r.t. I, ,, and us, o, on these two intervals are different, and
we obtain the correlation between clipping range and KL divergence.

Lemma 5. (i) If A < 0, we have dDy (Told, They)/dls, a, < 0,
dD74 (Told, Thew)/dola(at|se) > 0. (ii) If Ay > 0 and 7oa(aelsi)us, o, < 1, we have
dDIS(fL <7T01d, ﬂ-new)/dusuat >0, lesifL (7T01d’ 7Tnew)/dTrOId (at‘8t> > 0.

Proof: To be abbreviated, let D = D (old; Tyey )s L =19, 0,0 = U, 4., p = Told(as|se).

If A; <0, by eq. (26), we have

dD (1-pl 1-1
— = —log
dp 1—pl 1—pl
(29)
— g (141 7LY) 4 I
-8 1—pl) " 1-pl
If A, > 0 and mo1a(ae|se)us, q, < 1, by eq. (28), we have
dD u—1 u—1
— =1 1 30
dp Og<+1—pu)+1—pu (30)
We have —p —1an log(1 + ) + « > 0 for any z > —1. Thus, we have
ch > 0.
If A; <0, by eq. (26), we have
dD  p(l-1)
2" 7~ 31
a0 =p) = G

If A, > 0 and moia(ae|se)us, q, < 1, by eq. (28), we have

dD  p(u—1)
du u(l — pu) >0 (32)

We introduce an empirical version of lower performance bound.

M- (W) = f’ﬂold (71—) -C m?X DIg(tL (7T01d’ 71—) . (33)
where Ly, (7) = * Zthl [rr (8¢, ap) Ag] + ™, ™ is the estimated performance of 7q.

Lemma 6. (i) For PPO, assume that max; Dyl (Told, Thiod) < +oo, if a given (si,ar)

satisfies Toa(arlsy)  # {Izlaxoﬂ()ld(adsf) and woa(atlsy) # flgaxoﬂdd(ade), then

A< (A
DKL(T"oldv 7PPOY < max; Dy (Told, ThEO). (ii) For TRGPPO, we have Dy (o1, TERGPPOY) —
ma’xt DKL(T(-OICM r’:l[‘e%VGPPO)for any (St7a't)

Proof: We first prove (i).

If Ay < 0,if moa(at|st) # max moa(a;zls;), then moa(ae|s:) < max moa(az]s;). By Theorem
£:A;<0 £:A;<0
J) < m?“XDKL('/Toldv Thew )

P
new

) < max DKL(Wold;
£ A;

s PP
5, we have DKtL (7Tolda Thew
PO)

Similarly, if A, > 0, we also have Dy (Told, Thhl) < max Dy (old, Thas
i



We then prove (ii). If A; < 0, by eq. (18) and eq. (26), we have

1- ﬂ'old(@t|8t)
1- Wold(at‘st) St,a1

) =3.

Dy (Told, Thew) = (1 = To1a(at|st)) log — Toa(at|s) logll, ., =6 (34)

Similarly, if A; > 0, we also have DY} (Told, Tyew

O

Theorem 4. Assume that max; Dy} (o1, Tonl) < +oc for all t. If TRGPPO and PPO have the
same hyperparameter €, we have:

(iJul, ., > 1+eandll , <1—cforall (s, az);

TRGPPO)

(ii) maxy Dy (Told, Tpew max; Dy (Toid, POy,

(iii) Mﬂold( TRGPPO) > Mﬁold( PPOY - Particularly, if there exists at least one (s, a;) such that
Towd(as]s) # max moa(ag]s;) and moa(as|s;) # max mwoa(agls;), then My, (TERGPPOY >
t:A;<0 t:A;>0
Y PPO
Mﬂ'old (Wnew )
Proof:
. . TRGPPOY _ 5 _
We first prove (ii). By Equation (13) and Lemma 6, we have max; D (Told, They )=0=
max; Dy (Told; Thow)
We then prove (i). By (ii) we have Dy (mola, Thol) < maxt Dyl (Tola, TEEQ) = § =
D (Tord, TR GPPO) for all (s4, ;). Thus, we have Dy (Told, Thinl) < Dip (o, TabGPPO),
Indeed, by Lemma 5, we have dis, af/dDKL(ﬂold, new) < 0, dus, o, /dD54 (Tolds Tpew) > 0.

Thus, we obtain 16 <1 —candu® >1+e

St,at — St,at

Particularly, by Lemma 6, if a given (s;,a;) satisfies moa(a¢|s;) # max moa(ag]s;) and
t:A{ 0

Tola(at|st) # max moia(a;z|s;), then D (o, TEbl) < Dty (Told, Thc T PO). Hence, we have
£:A; 0
lg“af <1—e€and US, a > 1t+e
We finally prove (iii). By eq. (25) and eq. (27), we can get that
ls a At At <0

- ; A — t.7 t 35

e (812 00) At {mln(ushat,l)At A >0 (33)
By (i) we have rrrrGPPO (st,a1)Ay > rﬂgepwo(st, a;)A; on all s, ay. Thus,
T Zt 1 [ T 7 TRGPPO (8,57(1,5)14,5} > 711231 1 [7‘ PPO (st,at)At]. By (i) and the definition of
Mﬂ'old’ we Obtaln Mﬂ'old (FITeI\KNGPPO) > Mﬂ-old( Ilfelz)wo)

Particularly, if there exists one (s, a;) that satisfies moq(ails:) # max moa(a;|s;) and
t:A;<0

Towa(at|st) # A.IBE}XOWOM(G{'S{)’ then we have 'I",THTEP‘{VGPPO(St,at)At > Tﬂg’er’wO(St,at)At- Hence,

et 7

we obtain M. TRGPPOY > N,

Told (Trnew Told

( PPO).

new
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