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Abstract

Proximal Policy Optimization (PPO) is an important rein-
forcement learning method, which has achieved great success
in sequential decision-making problems. However, PPO faces
the issue of sample inefficiency, which is due to the PPO can-
not make use of off-policy data. In this paper, we propose an
Oft-Policy Proximal Policy Optimization method (Off-Policy
PPO) that improves the sample efficiency of PPO by utiliz-
ing off-policy data. Specifically, we first propose a clipped
surrogate objective function that can utilize off-policy data
and avoid excessively large policy updates. Next, we theoret-
ically clarify the stability of the optimization process of the
proposed surrogate objective by demonstrating the degree of
policy update distance is consistent with that in the PPO. We
then describe the implementation details of the proposed Off-
Policy PPO which iteratively updates policies by optimizing
the proposed clipped surrogate objective. Finally, the experi-
mental results on representative continuous control tasks vali-
date that our method outperforms the state-of-the-art methods
on most tasks.

Introduction

Off-policy deep reinforcement learning has achieved huge
success in domains, e.g., games (Mnih et al. 2015), (Sil-
ver et al. 2016), (Silver et al. 2017), (Vinyals et al. 2019),
(Schrittwieser et al. 2020), (Xing et al. 2021), (Meng et al.
2019), robotics (Kober, Bagnell, and Peters 2013), and con-
tinuous control tasks (Lillicrap et al. 2016), (Haarnoja et al.
2018), (Yang et al. 2022b). These off-policy deep reinforce-
ment learning methods make use of off-policy data collected
during the interaction between agent and environment to
optimize policies (Degris, White, and Sutton 2012), (Sil-
ver et al. 2014), which are more sample efficient than on-
policy methods only using on-policy data (Fujimoto, Hoof,
and Meger 2018), (Mnih et al. 2016). With the utilization of
off-policy data whose behavior policy differs from the target
policy, these off-policy deep reinforcement learning meth-
ods can avoid the expensive cost on large amounts of on-
policy interaction and are suitable for solving complex real-
world sequential decision-making problems (Haarnoja et al.
2018), (Yang et al. 2022a), (Lillicrap et al. 2016), (Mnih
et al. 2015).

*Y. Yin is the corresponding author.
Copyright (©) 2023, Association for the Advancement of Artificial
Intelligence (www.aaai.org). All rights reserved.

9162

Proximal Policy Optimization (PPO) (Schulman et al.
2017) is one of the most popular deep reinforcement learn-
ing methods, which optimizes policies by optimizing a
clipped surrogate objective of policy performance. In or-
der to further improve the sample efficiency of PPO, several
works are proposed to achieve this goal from different per-
spectives. Specifically, Trust Region-Guided Proximal Pol-
icy Optimization (TRGPPO) (Wang et al. 2019) improves
the sample efficiency of PPO by adaptively adjusting the
clipping range within a trust region. Truly Proximal Policy
Optimization (Wang, He, and Tan 2020) improves the sam-
ple efficiency of PPO by adopting a new clipping function to
restrict the policy ratio, and substituting the triggering condi-
tion for clipping by a trust region-based one. Separated Trust
Regions Policy Optimization (Zou et al. 2019) improves the
sample efficiency of PPO by proposing a softer objective
with more conservative constraints and building the sepa-
rated trust-region for optimization. However, these methods
ignore the perspective of directly utilizing off-policy data to
improve the sample efficiency of PPO (Wang et al. 2019),
(Wang, He, and Tan 2020), (Zou et al. 2019).

In this paper, we put forward an Off-Policy Proximal Pol-
icy Optimization (Off-Policy PPO) method that leverages
off-policy data to further improve the sample efficiency of
PPO. Specifically, we first propose a clipped surrogate ob-
jective that can use off-policy data and avoid the excessively
large policy update. Next, we theoretically clarify the use of
off-policy data during the optimization process of this objec-
tive does not harm the stability of PPO. We then introduce
the implementation details of the proposed Off-Policy PPO,
which include the whole procedure of this method and the
network update procedure in this method. Our contributions
are described as follows:

e We propose an Off-Policy Proximal Policy Optimization
method (Off-Policy PPO) that introduces a clipped sur-
rogate objective using off-policy data and iteratively uti-
lizes off-policy data to optimize policies by maximizing
this proposed clipped surrogate objective.

We theoretically clarify that the stability of the proposed
Off-Policy PPO by demonstrating the degree of the pol-
icy update distance in our method is the same as that in
PPO. We also conduct experiments on a variety of repre-
sentative continuous control tasks and the experimental
results demonstrate that our method can achieve better



performance than state-of-the-art methods on most tasks.

Background & Notation

In this paper, we study the Markov decision process denoted
by the tuple (S, A, P, po,7). S and A separately represent
the state space and the action space; P : S x Ax .S — R de-
notes the transition dynamics distribution; py : S — R and
r: S x A — R represent distribution of the initial state sg
and the reward function, respectively. During the interaction,
the agent given a state s, chooses an action a; conforming to
policy 7 : S x A — [0, 1] at timestep ¢; environment yields
areward r(s;, a;) and the next state s; 1.

With above interaction, the discounted return from
timestep ¢ can be formulated as R, = > ;- , Yt (s, ag),
where v is the discount factor. Based on such R;, we next
introduce the state value V. (s;) given s, the action value
Qr(s¢,at) given (s¢,a;) and the corresponding advantage
value A, (s, at) (Schulman et al. 2016):

Vﬂ-(St) = ]Eat,st_*_l,mw'rr[Z’Ykitr(Sk,ak)]; (1)
k=t

Q‘n’(st7 a't) = E.Sg+1,at+1,w7r [ Z rykitr(ska ak)] 5 (2)
k=t

Ar(sg,a) = Qr(st,as) — Vr(sy). 3

The standard reinforcement learning learns a policy 7 to
maximize the policy performance objective (the discounted
return from the start state) (Sutton and Barto 2018):

Z’Y Staat

where so ~ po, ar ~ m(ay|st), se+1 ~ P(St41]8t, ar).

In the following, we first describe the Trust Region Policy

Optimization (TRPO) which maximizes the policy perfor-
mance (1()) by optimizing its surrogate objective with on-
policy data. Next, we state the Proximal Policy Optimization
(PPO) which proposes a clipped surrogate objective to avoid
the excessively large policy update in TRPO.
Trust Region Policy Optimization (TRPO). To maximize the
performance objective in Eq. (4), the TRPO method (Schul-
man et al. 2015) uses on-policy data to optimize policies by
maximizing a surrogate objective function subject to a con-
straint on a Kullback-Leibler (KL) divergence:

T](Tl') = Esoﬂlm [RO (4)

So agp,:

mlals) o
Wold(a|5)Aﬂ-OM( ’ )]

subject to K, [Drcr (moua(-[s)[[7(-]s))] <4,

&)
(6)

where 7oq is the current policy, J denotes the bound,
Dicr (mow(:]s)||7(:|s)) represents the KL deivergence be-
tween moa(-|s) and 7 (-|s), pr,,, denotes the discounted state
distribution starting at initial state so and following mg4:
Proa(8) = ooV P (st = s|sg, moa) (Sutton et al. 2000).
However, without a constraint, the optimization of the surro-
gate objective function in Eq. (5) would lead to excessively
large policy updates.

mgx ESNPw"]d >A~Told [
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Proximal Policy Optimization (PPO). In order to avoid such
a large policy update, Proximal Policy Optimization (PPO)
(Schulman et al. 2017) puts forward a clipped surrogate ob-
jective and optimizes policies by maximizing this clipped
surrogate objective. The clipped surrogate objective pro-
posed in PPO can be expressed as:

. m(als)

Liss = Esnprygramman [ min (m,]d(a|8) A (5:0).
2 gan ),
clip(——",1 —¢, €)Any(s,a))],

p Wo]d(als) 1d

where ¢ is a hyperparameter. Note that clipped surrogate ob-
jective in Eq. (7) can help PPO avoid large policy updates by

penalizing changes to the policy that moves ﬂ:g‘(’(‘jz) away
from 1 (Schulman et al. 2017). However, PPO faces the is-
sue of high sample complexity due to the lack of utilization
of off-policy data, which leads to great demand for on-policy

interaction between agent and environment.

Off-Policy Proximal Policy Optimization

To tackle the sample inefficiency problem in the PPO
method, we propose an Off-Policy Proximal Policy Opti-
mization method (Off-Policy PPO) that employs off-policy
data for policy optimization, as outlined in this section.
Specifically, we first introduce the clipped surrogate objec-
tive using off-policy data in the proposed Off-Policy PPO.
We next clarify the stability of the proposed Off-Policy PPO
by clarifying our method makes an update close to the older
policy, and the degree of this update distance is the same as
that in PPO. Finally, we describe the implementation details
of the proposed Off-Policy PPO.

Clipped Surrogate Objective Using Off-Policy Data

In this section, we describe the proposed clipped surrogate
objective that utilizes off-policy data in Off-Policy PPO. To
do this, we first present the optimization problem that max-
imizes the surrogate objective using off-policy data in Off-
Policy TRPO (Meng et al. 2021). Using this surrogate ob-
jective, we then explain how we derive a clipped surrogate
objective that effectively uses off-policy data while avoiding
large policy updates.

Specifically, the optimization problem which can use off-
policy data in the Off-Policy TRPO (Meng et al. 2021) is:

m(als) 4 (s,a)]

m;?XEs~pwa~p,[ (CL| ) (8)
st DRy moa) D™ (o, ) + Dty (Tona, ) < 6,

€))
where  p represents the  behavior . policy and
Pu(s) > im0 Y'P(sy = s|so,p), Dp(moua,m) =

Eonp, [Dcr(maals) || 7([s)] D™ (1, moa)

Eonp, [v/Drcr (1) [ 7aa([s)], D™ (moa, 7)
Esnp, [v/Drr(moa(:]s) | w(-[s))]. However, without the
constraint in Eq. (9), the maximization of the above sur-
rogate objective utilizing off-policy data in Eq. (8) suffers
from an excessively large policy update.




To address this issue, a straightforward solution is to ap-
ply the clipping strategy from PPO to adjust the surrogate
objective in Eq. (8). To clarify the clipped objective, we be-
gin by presenting the surrogate objective in Eq. (8):

m(als)
=E —Ar.(s,0)].
,u(a|s) old(s a‘)]
With L, () in Eq. (10), the corresponding clipped surrogate
objective using off-policy data is:

7(als)

Ly(m) (10)

SNy, arep [

ZM(TF) = Esnp,anp [min[mAmd(s ,a),
(1)
clip(zgzg ,1—e1+ e)AmM(s, a)“.

w(als) .

Note that in Eq. (11), the policy ratio (als) is generally ei-
ther less than 1 — € or greater than 1 4 €. Consequently, the
target policy 7(a|s) often remains unchanged and does not
undergo any updates during the optimization process of the
clipped surrogate objective in Eq. (11).

In order to address this issue, we propose a clipped sur-
rogate objective which scales the lower and upper bound

((1 =€), (1 + ¢)) in Eq. (11) by a factor of %

(als)
LSIf}Ilf’ollcy PPO( ) = ESNPWQNH [min [TTF(Sv a)AWom (8’ a)v

clip(rx(s, a), ls,a, hs,a) Aryy (s, a)]],

(12)
Wh?nr)”(s’a) = T bea = T = hoa =
Told(a|s
atarsy (1 F€)-
Stability Analysis

In this section, we analyze the stability of the proposed Off-
Policy PPO by clarifying our method makes an update close
to the older policy, and the degree of this update distance
is the same as that in PPO. In order to clarify this, we first
describe the optimal policy set in Lemma 1, which maxi-
mizes the proposed clipped objective in Eq. (12). We then
clarify the maximum KL divergence between current policy
Toia and the optimal policy 7rpey, in the proposed Off-Policy
PPO is consistent with that in PPO in Theorem 1.

With the surrogate objective in Eq. (12), we denote
II,ew as the optimal policy set maximizing this objective in
Lemma 1. Note that advantage value A, (s, a) is simplified
and denoted as A in Lemma 1.

Told

Lemma 1. I1,,.,,={7| for all state and action pair (s, a) that
A <0, w(als) < plals)ls,q; for all state and action pair
(s,a) that A > 0, w(a|s) > min(u(als)hs,q, 1)}

Proof. Firstly, we prove that a policy 7* meeting the condi-
tions in I,y is the optimal solution maximizing the objec-
tive in Eq. (12). In order to prove this, we need to show that,
given any state and action pair (s, a), the policy 7* meeting
the condition in Ilyey satisfies: L;;*(7*) > L;;%(m) for any
m. Note that Lj;*(m) denotes the surrogate objective given
any (s, a) under the policy 7: L3*(7) = min [ Tx(s,a)A,
clip (rw(s, a),lsq, h&a)A].
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If A <0, L;;*(m) could be written as:

5a o ls,aA7
= (s, 0)AL

L¢(m*) can be written as L3*(7*) = min [ 7+ (s,a)A,
chp(r,r (s,a),ls,a, hsa)A] = lwA where 7* meeting the
condition in IT,. satisfies 7*(a|s) < p(als)ls,, when A <
0.
Thus, if A < 0, LZ’“(?T) <ls A= LZ’“(W
If A> 0, L;;*(m) could be written as:

I5a o hs7aAa
“ (m) = ro(s,a)A,

L% (w*) can be written as L%*(7*) = min [ 75+ (s, a)A,
chp (r,r (s,a),ls.q, hsya)A] = hsqA, where 7* satisfies
7*(als) > p(als)hs,, when A > 0, which is due to
that 7* meeting the conditon in Il satisfies 7*(a|s) >
min(p(als)hs,q, 1) and 7*(als) < 1.

Thus, if A > 0, Ly*(m) < hs oA = L% (7*) for any 7.
Based on such fact, we have proven that a policy 7* meeting
the conditions in I,y is the optimal solution.

Secondly, we prove that a policy 7y not meeting condi-
tions in Il is not the optimal solution of maximizing the
objective in Eq. (12). In order to prove this, we construct a
policy 7* satisfying conditions in Iey. Then, L3¢ (m) <
L3¢(m*) for any state and action pair (s, a). Based on such
fact, we have proven that a policy not meeting the condi-
tions in Il is not the optimal solution of maximizing the
objective in Eq. (12).

Finally, combining the above results, we prove that I,
described in Lemma 1 contains all the optimal solutions of
maximizing the surrogate objective in Eq. (12). O

re(s,a) <lsq

re(s,a) > lsq. (3)

*) for any 7.

re(s,a) > hsq

rr(s,a) < hgq. a4

Based on the optimal policy set 1l in Lemma 1, we
clarify the degree of the policy update distance in Off-Policy
PPO is the same as that in PPO. Specifically, we demonstrate
that the maximum KL divergence between the new policy
and the old one in our method is equivalent to that in PPO,
as illustrated in Theorem 1.

Theorem 1. Let mQfPlicyPPO ¢ 11, denote the
optimal pilicy in Oﬁ‘ Policy PPO, which achieves
the minimum KL divergence over all optimal poli-
cies, i.e,  Dgp(moa(-|ss), wOLFeliey PPO(|g.Y) <
Dir(moia(:|8t), w(:|s¢)) for m € T, at any timestep
t , and let 7TPP0 have the similar definition for PPO,
we have max; DKL(TF,,M( |s¢), wOUPolicy PPO (|, ))

max; Dir(moa(|8¢), 759 (+|s¢)) for all timestep t.

) new

? new

Proof. In order to simplify the expression in the proof,

we separately denote Dy (moa(+|st), r%f& Policy PPO (I50)),
Off-Policy PPO
DKL(Wold( |5t), 55\9( |St)) olicy )’

as Dy KL (ﬂ'olda T'new

Dyt (o1d, mEEO) in the following.
In the proof, we need to prove that
Off-Policy PPO
D (Tolds Toew 0 0) = Dt (o, mhod)  for any

timestep t. Specifically, we prove this in two cases, i.e.,
Ani(st,a:) < 0and Ay, (st,a:) > 0 for any timestep ¢.
We denote A, (s, a:) as A, for simplicity in the following.



In case A; < 0, we prove that

the

Off-Policy PPO s PPO

DKL(ﬂ-Oldy Tnew = DKtL (ﬂ-olda T hew ) If A < 0,
Off-Policy PPO

the optimal policy 7hew can be derived by solving
the following constraint optimization problem according to
Lemma 1:

Told(alst)

m(alst)

m(ag|st) < plaelse)ls, aps

> w(als) =1,

ﬂ-(a|5t) > 07

where a; denotes the action at timestep t.
By using the Karush-Kuhn-Tucker (KKT) conditions
(Gordon and Tibshirani 2012), we get:

Towd(alse) (1 — p(ag|st)ls, a,)

mgn Z Toud(a|s¢)log

s.t. (15)

. ,a4 F a
W&fwf_POhCy PPO(CL|St) _ 1— 'lTold(at|5t) 7é t
wlag|se)ls, ays a=ay.
(16)
The corresponding KL divergence is
Dls(i(ﬂ01d7 7.[.I(li)efvt;]—})olicy PPO)
1- (o)
= (1 — mowa(ar|s:))log Toia(a]51) (17)

1 — moa(az|st) (1 —¢)
— mod(az|st)log(1 — €),

which equals Dy} (7o, mhey) described in Eq. (26) of ap-
pendix in (Wang et al. 2019) due to the lower bound in PPO
isl—e

In the «case A; > 0, We prove that
DKL(T‘-Old? I(l)ef‘iPOIICy PPO) = DIS(tL(ﬂ-Olm Thew ) If A > 0,
according to Lemma 1, the constraint optimization problem
is:

Trold(aISt)
mln Z Towd(a]se)1

m(als)

st w(aglsy) > min(u(ae|st)hs, a., 1), (18)
Zw(a|st) =1,
a
m(als¢) > 0.
By using the KKT conditions, we get:
7rI(l)efwf—Policy PPO(G‘St)
mofalso) (1= min(u(onfs))ho D)
= 1 — mola(at|st)
min(u(ar|se)hs, a,, 1), a = ay.
(19)

When A; > 0 and p(ay|se)hs, q, < 1, the KL divergence is

St Off-Policy PPO
DKL (7T01d7 Thew Y )

1- 7rold(at|8t)
1 — moa(at|st) (1 + ¢€)
— moid(az|st)log(1 + €),

(20)

= (1 — woua(at|s¢))log
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Algorithm 1: Off-Policy PPO

Require: Environment E, trace-decay parameter ), dis-
count factor v, learning rate «, trajectory length K, replay
memory R, epoch number N, minibatch size M.
Initialize policy network 7y and state value network V.

repeat
/I Collect data
Collect K transitions during inter-
action with environment So.x =
{s0,a0,70, u(-[50), -+, 8K, ar, Tr, p(+[5K) } ac-

cording to behavior policy .
Add the collected data into replay memory R.

/I Update networks

Sample oft-policy data Tp. x from replay memory R.
Obtain {Vw(sj)}jK:o by V.

Obtain V-trace target v; = V,,(s;) +0;V +7¢;(vj41 —
Vio(8541))-

Obtain advantage value {A(s;,a;)}; . b= {r +

Vi1 — Va(s;) szol'
for epoch=1,2,--- , N do
Acquire data Dy.x by randomly shuffling Tj. .
fori=1,2,--- | K/M do
Obtain M minibatch from
Disns—miinn—1.
Update my by maximizing objective in Eq. (12):
0 <= Oola + av@Lglf?l-golicy PPO (7T9>'
Update V,, by minimizing the mean squared error
between V-trace target v and state value V,,(s).
end for
end for
until policy 7y converges

shuffled data

which equals Dg} (moa, 7E50) described in Eq. (28) of ap-
pendix in (Wang et al. 2019) due to the upper bound in
PPO is 1 + e. When A; > 0 and p(at|st)hs,.q, > 1,

Off-Policy PPO
DKL(ﬂ-oldaﬂnew ey ) = +00 = DKL(WOICU new) (Wang

et al. 2019).
Combining above results on two cases (4; < 0 and

A; > 0), we have proven DKL(Wold,m?efvaPOhcy POy —
Dy (To1d, mERO) for any timestep ¢. Based on such fact,

Off-Policy PPO
we can conclude that max; Dgt (Toud, Tnew > )

max; Dg} (o, mhoy) for all timestep .

As far, we prove that
max; Dxp (7o (+|s¢), 771(1)efwf_P0hcy PP(?(' |5¢)) =
max; Dxp (7o (+|s¢), 7o00(+|s¢)) in Theorem 1. O

Implementation Details

In this section, we introduce the implementation details of
the proposed Off-Policy PPO, which iteratively optimizes
policies by maximizing the proposed clipped surrogate ob-
jective in Eq. (12). Specifically, the whole procedure of the
proposed Off-Policy PPO is described in Algorithm 1.

In Algorithm 1, we first initialize policy network

mp and state value network V,,, respectively. Us-
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Figure 1: Training curve comparison between the proposed Off-Policy PPO and other state-of-the-art methods.

ing these networks, we then collect K transitions
(So:x {s0,a0,70, 1(*|80), * ++ 8Ky ar, T, (0[S ) )
and add these data into memory. Next, we sample off-policy
data (Tp.x) from memory R and use these data to update
policy and state value networks.

During the network update procedure, we first use
data To.x to estimate state values {V,,(s;)}/<, and V-
trace target (Espeholt et al. 2018) wv; Vw(s;) +
3;V + vej(vjr1 — Viw(sjg1)) where 6,V = p;(r; +

. o (a5185)
Waalsi1) = Valsy). p; = min(L, 2050 ang
¢; = min(1, %) With these values, we next ob-
7127

tain advantage values {A(sj,aj)}f:_ol = {r; + yvj411 —
Vw(Sj)}:;-{: " Finally, we optimize policy network 7y and
state value network V,, with N epochs. In every epoch,
we shuffle the off-policy data Tj.x and obtain the mini-
batch from the shuffled data Dg.x. With such minibatch,
we optimize 7y by maximizing objective in Eq. (12): 6 «+
Ooa+aVy Lgﬁ{{;o,icy ppo (7o) and optimize V,,, by minimizing
the mean squared error between V-trace target v and V,, (s).

Experiments

In this section, we perform experiments to evaluate the pro-
posed Off-Policy Proximal Policy Optimization (Off-Policy
PPO) on a variety of representative continuous control
tasks. We first introduce the experimental setup which com-
prises networks, hyperparameters, and experimental tasks.
We next compare our method and the state-of-the-art meth-
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ods, i.e., TRGPPO (Wang et al. 2019), Soft Actor-Critic
(SAC) (Haarnoja et al. 2018), DDPG (Lillicrap et al. 2016),
SLAC (Lee et al. 2020), Off-Policy TRPO (Meng et al.
2021), TD3 (Fujimoto, Hoof, and Meger 2018), SOP (Wang
et al. 2020), and Trust-PCL (Nachum et al. 2018), to validate
that our method can achieve better or comparable perfor-
mance than these methods. We then study the effectiveness
of our method on using off-policy data by comparing our
method with PPO. Next, we study on KL divergence curves
between our method, PPO, and SAC to evaluate the stabil-
ity of our method in practice. Finally, we study the effec-
tiveness of our method on sample efficiency by comparing
our method to other methods from the aspect of timesteps to
reach a threshold on the continuous control tasks.

Setup

In the experiments, we adopt a policy network and state
value network to separately approximate the Gaussian pol-
icy distribution and the state value. These networks are
multi-layer neural networks comprising two hidden layers
with 64 neurons. We use the Tanh as the activation func-
tion of these networks. For hyperparameters, the trace-decay
parameter A is 0.95 and the discount factor ~ is 0.99. The
length of transitions (K) is set to be 1024. We use the Adam
optimizer with learning rate « = 3 x 10~%. The epoch
number N is 10. The minibatch size M is set to be 32.
Experimental tasks consist of six representative continuous
control tasks from OpenAl Gym (Brockman et al. 2016)
and MuJoCo (Todorov, Erez, and Tassa 2012), which cover
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Figure 2: Training curve comparison between the proposed Off-Policy PPO and PPO during training.

simple and complex tasks: Swimmer, Hopper, HalfCheetah,
Walker2d, Ant, and Humanoid. We adopt a commonly used
version, i.e., v2, for these tasks. The experiments are per-
formed on a GPU server that has four Nvidia RTX 3090.
The results reported in the experiments are averaged over
the top three seeds of ten random seeds. For the implemen-
tations of these compared methods: we use the original im-
plementation codes given by the authors of most state-of-
the-art methods (TRGPPO, SAC, SLAC, Off-Policy TRPO,
TD3, SOP, and Trust-PCL) and we use the implementation
in https://github.com/chainer/chainerr] for DDPG.

Comparison with State-of-the-art Methods

In this section, we compare our method with state-of-the-
art methods, i.e., TRGPPO, SAC, DDPG, SLAC, Off-Policy
TRPO, TD3, SOP, and Trust-PCL, to validate that our
method can outperform these methods on most tasks.

The training curve comparison between our method and
state-of-the-art methods is shown in Figure 1. We observe
that, when compared to other methods, our method requires
fewer timesteps to achieve the same return on the major-
ity of tasks, i.e., Swimmer, Hopper, Walker2d, and Ant.
On HalfCheetah and Humanoid, the proposed Off-Policy
PPO needs fewer timesteps to achieve the same return than
most methods, i.e., TRGPPO, DDPG, SLAC, Off-Policy
TRPO, and Trust-PCL. It can be observed that the final re-
turn achieved by our method is higher or comparable when
compared to other methods on these tasks. Notice that our
method obtains the highest returns among TRGPPO, DDPG,
SLAC, Off-Policy TRPO, and Trust-PCL on HalfCheetah
and Humanoid. Results in Figure 1 illustrate that our method
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can surpass these state-of-the-art methods on most tasks.

Study on Using Off-Policy Data

In this section, we study the effectiveness of our method on
using off-policy data by comparing our method using off-
policy data with PPO only using on-policy data.

The results are shown in Figure 2. Note that our method
needs fewer timesteps to achieve the same return when com-
pared to PPO on most tasks and this phenomenon is partic-
ularly evident on complex tasks (Walker2d, Ant, and Hu-
manoid), which is due to that our method can use off-policy
data to optimize policies. We can also note that our method
using off-policy data achieves higher final returns than PPO
only using on-policy data on most tasks. The experimen-
tal results from Figure 2 validate the effectiveness of our
method on using off-policy data.

Study on KL Divergence

In this section, we study on KL divergence by comparing
our method, PPO, and SAC to evaluate the stability of our
method in practice. SAC is chosen to be compared due to
this method is the state-of-the-art off-policy method.

The KL divergence comparison is shown in Figure 3. The
KL divergence reported in Figure 3 denotes KL divergence
between 7y1q and ey, in each policy update in practice. Note
that we choose representative tasks, i.e., Hopper, HalfChee-
tah, and Walker2d, due to their popularity (Todorov, Erez,
and Tassa 2012). From Figure 3, we can observe that the
KL divergence of SAC is larger than these of PPO and Oft-
Policy PPO. It is noticeable that the KL divergence of SAC
on Hopper and Walker2d has an increasing trend and that of
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Figure 3: KL divergence comparison among the proposed Off-Policy PPO, PPO, and SAC during training.
Timesteps to reach a threshold (x10%)

Tasks | PPO TRGPPO SAC DDPG SLAC Off-TRPO TD3 SOP Trust-PCL  Our Method
Swimmer 520 340 / / / 810 740 / / 340
Hopper / 440 920 / / / 380 355 / 210
HalfCheetah | 140 140 70 / 160 / 45 45 / 70
Walker2d 750 590 700 / / / 285 365 / 220
Ant / 860 680 / / / 455 285 / 310
Humanoid 6800 3400 1000 / / / 950 1200 / 2800

Table 1: Comparison of timesteps to reach a threshold within one million timesteps (except Humanoid with ten million) during
training. The thresholds for these tasks (Swimmer, Hopper, HalfCheetah, Walker2d, Ant, and Humanoid) separately are 90,
3000, 3000, 3000, 3000, and 5000. We denote Off-Policy TRPO as Off-TRPO for short. For each task, the minimum result is
indicated in boldface. / indicates that the method did not reach a threshold within fixed timesteps.

SAC on HalfCheetah has a decreasing trend, which is most
likely due to that large policy updates of SAC on Hopper
and Walker2d mainly exist in the early training stage and
these of SAC on HalfCheetah mainly exist in the late train-
ing stage. From Figure 3, it can be observed that the pro-
posed Off-Policy PPO has nearly the same KL divergence
as PPO during the whole training process. The similar KL
divergence curves between our method and PPO in Figure
3 demonstrate that the proposed Off-Policy PPO does not
harm the stability in practice.

Study on Sample Efficiency

In this section, we study the effectiveness of our method on
sample efficiency by comparing our method and other meth-
ods in terms of timesteps to reach a threshold over training.

The comparison is represented in Table 1. We sep-
arately set the threshold values of Swimmer, Hop-
per, HalfCheetah, Walker2d, Ant, and Humanoid as
90, 3000, 3000, 3000, 3000, 5000, which refer to the thresh-
old values in (Wang et al. 2019). As shown in Table 1, when
compared with other methods, our method requires fewer
or comparable timesteps to reach these thresholds on most
tasks. Note that Off-Policy TRPO did not reach thresholds
within the fixed timesteps on most tasks, which is proba-
bly because the update interval value in this method is rela-
tively large. DDPG and Trust-PCL did not reach thresholds
within the fixed timesteps on most tasks, which is probably
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due to that these two methods may need more timesteps dur-
ing training to achieve better performance. The results from
Table 1 validate that our method achieves higher sample ef-
ficiency than other methods on most tasks.

Conclusion and Future Work

In this paper, we propose an Off-Policy Proximal Policy Op-
timization (Off-Policy PPO) method, which improves the
sample efficiency of PPO by utilizing off-policy data. We
provide a novel idea for improving the sample efficiency of
PPO. Specifically, we propose a clipped surrogate objective
using off-policy data, which is based on the surrogate objec-
tive in Off-Policy TRPO. Then, we theoretically clarify the
stability of optimizing the proposed clipped surrogate objec-
tive using off-policy data. Next, we describe the algorithm
of the proposed Off-Policy PPO which iteratively optimizes
policies by maximizing the proposed clipped surrogate ob-
jective in detail. Finally, experimental results on a variety of
domains validate that our method outperforms state-of-the-
art methods on most tasks. These experimental results also
evaluate our method in terms of using off-policy data and
sample efficiency.

Although this algorithm is appealing to sequential-
decision-making problems having difficulty in collecting
data, it is interesting to improve the performance of this al-
gorithm in rare scenarios where the quality of off-policy data
is poor, e.g., T1a(+|s) < p(-|s), in the future work.
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