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Abstract

We were first introduced to REINFORCE algorithms in the context of derivative free optimization (DFO).
Random Search is a DFO algorithm that falls into the classification of a REINFORCE algorithm and was
the first REINFORCE algorithm presented to us. DFO, including Random Search and thus REINFORCE,
was shown in lecture notes to have particularly poor convergence properties relative to methods that rely
on gradient updates. However, REINFORCE was not intended to be used in a setting where true gradient
updates are available. Although rigorous convergence proofs such as those presented in lecture notes
are not available for many new algorithms based on REINFORCE, it is our hope that the following
paper helps to lay out some intuition for convergence properties in both old and new algorithms based on
REINFORCE. We will start with a history of the acronym and algorithm, present issues with the entire set
of algorithms, discuss some older examples of REINFORCE, and finally discuss some newer improvements
upon REINFORCE. We will conclude with empirical results, some of our own making and some sourced
from online, to demonstrate the qualities we talk about.

1 History of REINFORCE

Ronald J. Williams wrote what is frequently cited as the first paper using the term “REINFORCE” [1]. In this
paper, he is quick to point out that this class of algorithm is not new, it has simply not been recognized. He then
goes on to point out manifestations of it that were already being used and discusses new uses. First, he explains
the difficult REINFORCE acronym: REward Increment = Nonnegative Factor times Offset Reinforcement times
Characteristic Eligibility. The acronym becomes clearer, although no less unwieldy, when he describes the general
algorithm itself.

In the context of this review, a feedforward learning network operates by receiving an input from the environment
(xi) and then propogating that input through the system. At the end of the system, the output is fed to the
environment, and a reinforcement signal is returned. We will denote this signal r. This r is used to update the
parameters of the network and hopefully improve its performance. Williams described a REINFORCE algorithm
as any algorithm that has an update function of the form:

∆wij = αij(r − bij)eij (1)

Here, he let wij represent the parameters of the network, αij represent the learning rate factor, bij represent the
reinforcement baseline and eij = ∂ ln gi/ lnwij represent the characteristic eligibility of wij . In this last equation,
gi(ξ, w

i, xi) = Pr{yi = ξ|W,xi}. Note that wi is a vector of parameters, and xi likewise a vector of inputs.
According to Williams, αij can usually be taken as a constant. The interesting property of REINFORCE algorithms
is summarized in the following equation:

E{∆W |W}T∇WE{r|W} ≥ 0 (2)

This means that the updated parameters move in a direction of increasing reward from the environment. In the
next few sections, we will discuss the ramifications of this property and problems with REINFORCE algorithms.
We will demonstrate these by discussing earlier uses followed by a discussion of more modern techniques.

2 Flaws with REINFORCE

One issue with REINFORCE algorithms is that they have a very high variance. This means that you have to draw
a lot of samples from the environment before you get a good approximation of the actual gradient. To show this,
we can first show how the gradient update term was derived using the log-trick.
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∇J(θ) =

∫
R(h)∇θp(h|θ)dx

=

∫
R(h)

∇θp(h|θ)
p(h|θ)

p(h|θ)dx

=

∫
R(h)∇θlog(p(h|θ))p(h|θ)dx

=

∫
p(h|θ)

T∑
t=1

∇θlog(p(ant |snt , θ))R(hn)dx

Since the actual value of p(h|θ) cannot be known, the gradient update is approximated as shown in equation
3 where a baseline is also added. It is very important to note that this gradient update is not a true gradient
update. REINFORCE algorithms fall into the class of derivative free optimization algorithms, and come with all
the expected detriments to performance.

∇̂θJ(θ) =
1

N

N∑
n=1

(R(hn)− b)
T∑
t=1

∇θlog(p(ant |snt , θ)) (3)

Calculating the true gradient would require knowing the probability of every action in every state, which is im-
possible in almost all cases. Therefore, the gradient is approximated with so-called “roll-out” samples (h) containing
both state and action information. These samples are where a set of actions are simulated for T timesteps. To
further explain equation 3 and put it in the context of REINFORCE, it’s useful to see the update step in equation
4 where ε is a small constant.

θk+1 = θk + ε∇̂J(θ) (4)

Now, the algorithm shows a reward-based increment of a non-negative factor (ε) times a term containing offset
reinforcement (b) times characteristic eligibility (∇θlog(p(ant |snt , θ)). Figure 1 shows this high variance in action.
While training on a simple game with a max reward of 200, the algorithms natural policy gradient (which we will
discuss later) and policy gradient (an umbrella term including REINFORCE) both waver tremendously. The dark
lines represent the mean of 10 trials, and the shaded regions represents one standard deviation from the mean of
those trials. A consequence of this high variance, even more pronounced in the original REINFORCE algorithm, is
that the algorithm converges very slowly if at all [2].

Figure 1: Two reinforcement learning algorithms trained on a simple game [3]
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Now, let’s find an upper bound for the variance of the REINFORCE algorithm to show that adding a baseline
reduces it[2]. This should help provide context for future discussions on variance and provide a starting point for
discussing adding a baseline, which we will discuss in detail in section 4.1.

Var[∇µJ(θ)] =
1

N
Var

[
T∑
t=1

∇µlogp(at|st, θ)γt−1r(st, at, st+1)

]

=
1

N
Var[R(h)f(h)]

≤ 1

N

N∑
n=1

E[(Rfn)2]

=
1

N
E[R2fT f ]

=
1

N

∫
h

p(h)(

T∑
t=1

γt−1r(st, at, st+1)2(

T∑
t=1

(at − µT st)
σ2

st)
T (

T∑
t=1

(at − µT st)
σ2

st)dh

≤ β2(1− γT )2

Nσ2(1− γ)2
E

(

T∑
t,t′=1

(at − µT st)(at′ − µT st′)
σ2

sTt st′)


=

β2(1− γT )2

Nσ2(1− γ)2
E

(

T∑
t,t′=1

ξtξt′s
T
t st′)


=

β2(1− γT )2

Nσ2(1− γ)2

 T∑
t=1

E[ξ2t s
T
t st′)] +

T∑
t,t′=1,t6=t′

E[ξtst]E[ξt′st′ ])]


=

β2(1− γT )2

Nσ2(1− γ)2

T∑
t=1

‖st‖2 E[ξ2t ]

=
β2(1− γT )2

Nσ2(1− γ)2

T∑
t=1

‖st‖2

≤ DTβ
2(1− γT )2

Nσ2(1− γ)2

Thus, we have Var[∇µJ(θ)] ≤ DT β
2(1−γT )2

Nσ2(1−γ)2 with a probability (1− δ)1/2N .

The same way we prove that:

Var[∇σJ(θ)] ≤ 2Tβ2(1− γT )2

Nσ2(1− γ)2

Additionally, we have that, for any baseline b and the optimal baseline b∗[4]:

Var[∇θĴb(θ)]−Var[∇θĴb
∗
(θ)] =

(b− b∗)2

N
E

∥∥∥∥∥
T∑
t=1

∇θlog(p(at|st, θ))

∥∥∥∥∥
2


Thus,

Var[∇θĴ(θ)]−Var[∇θĴb
∗
(θ)] =

b∗2

N
E

∥∥∥∥∥
T∑
t=1

∇θlogp((at|st, θ))

∥∥∥∥∥
2


We can thus see that any baseline reduces the variance. Continuing to analyze the optimal baseline,
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Var[∇θĴb
∗
(θ)] = Var[∇θĴ(θ)]− b∗2

N
E

∥∥∥∥∥
T∑
t=1

∇θlogp((at|st, θ))

∥∥∥∥∥
2


≤ DTβ
2(1− γT )2

Nσ2(1− γ)2
− b∗2

N
E

∥∥∥∥∥
T∑
t=1

∇θlog(p(at|st, θ))

∥∥∥∥∥
2


≤ DTβ
2(1− γT )2

Nσ2(1− γ)2

≤ Var[∇θĴ(θ)]

Then, we have the reduction of variance:

Var[∇θĴb
∗
(θ)] ≤ Var[∇θĴ(θ)]

3 Original Implementations

One algorithm that Williams cites as an example of REINFORCE is the associative reward inaction (AR−I) algo-
rithm. This is a special case of the associative reward penalty (AR−P ) algorithm first discussed by Andrew Barto
and P. Anandan in 1985 [5]. Williams uses a Bernoulli semilinear unit for g, which makes the characteristic equation
(yi − pi)xj . In the notation of Williams, this AR−P has an update rule:

∆wij = α[r(yi − pi) + λ(1− r)(1− yi − pi)]xj
Here, yi is the output of the system and pi is the probability that yi = 1. This is a two-action system since yi

can only equal 1 or 0. The λ in this example can be chosen on the range of 0 < λ ≤ 1. Since λ does not equal 0,
this is not a REINFORCE algorithm. AR−I arises from the special case when λ = 0 because that makes the update
rule:

∆wij = αr(yi − pi)xj
In the 1985 paper on the AR−P algorithm, the authors prove strong convergence with several constraints, notably

including that λ must be greater than 0. Additionally, the authors ran simulations showing that if λ = 0, there were
some cases of divergence, therefore stating that AR−I could not be proven to converge. Interestingly, the authors
proved that AR−I can be reduced to the linear reward inaction stochastic learning automaton (LR−I) under very
specific conditions. The LR−I algorithm was cited in the 1992 paper by Williams as a REINFORCE algorithm as
well. In a 1986 paper on LR−I , the authors prove that this algorithm does converge, albeit very slowly, for the
particular case of a system implemented on an ergodic (every state is aperiodic and expected to be reached in a
finite number of steps) Markov chain with perfect state observation, meaning there can be no noise in the signal
from the environment [6].

A 1993 paper attempts to extend AR−P to problems that require continuous (as opposed to binary) outputs
and have noisy signals [7]. This paper proposes an algorithm called SRV, which is not a REINFORCE algorithm
but is similar to AR−P . After being modified slightly and being restricted by several conditions, it was shown to
converge in the presence of noise of a bounded variance. In conclusion, REINFORCE algorithms around the time
of Williams converged only in very special cases, and even related algorithms converged only conditionally.

4 Modern Modifications

4.1 Changing Baseline

To reduce the variance of the REINFORCE method, we can add a baseline as discussed in section 2. We will now
discuss whether adding a baseline has an effect on bias. The first possible baseline is to use a constant one, as we
can simply show that it does not bias the policy:
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E[∇θ log pθ(τ)b] =

∫
pθ(τ)∇θ log pθ(τ)bdτ

=

∫
pθ(τ)

∇θpθ(τ)

pθ(τ)
bdτ

=

∫
∇θpθ(τ)bdτ

= b∇θ
∫
pθ(τ)dτ

= b∇θ1
= 0

Thus, we can add any baseline that does not depend on τ in our policy without adding any bias. However, we
can find a better baseline. Indeed, we will show that a state-dependent baseline also leaves the policy unbiased.
Thus, let’s prove that we have the following equality:

E[

T∑
t=1

∇θ log pθ(at|st)b(st)] = 0

Therefore, because of the linearity of the expectation we have:

T∑
t=1

E[∇θ log pθ(at|st)b(st)] = 0

Thus, ∀t

E[∇θ log pθ(at|st)b(st)] =

∫
∇θ log pθ(at|st)b(st)pθ(τ)dτ

=

∫ ∫ ∫
∇θ log pθ(at|st)b(st)pθ(st, at)pθ(τ/st, at|st, at)d(τ/st, at)dstdat

=

∫ ∫
∇θ log pθ(at|st)b(st)pθ(st, at)dstdat

∫
pθ(τ/st, at|st, at)d(τ/st, at)

=

∫ ∫
∇θpθ(at|st)b(st)

pθ(st, at)

pθ(at|st)
dstdat

=

∫
b(st)pθ(st)dst

∫
∇θpθ(at|st)dat

=

∫
b(st)pθ(st)dst∇θ

∫
pθ(at|st)dat

=

∫
b(st)pθ(st)dst∇θ1

= 0

Therefore, we can use a state-dependant baseline to reduce our variance in our policy and it will not harm our
approach towards an optimal policy [8].

4.2 Changing Gradient Update

While intelligently selecting a reinforcement baseline is one method of reducing the variance in a REINFORCE
algorithm, recent research has focused on changing the gradient update term entirely. Three main algorithms are
used to extend the original REINFORCE algorithm and improve both variance and computational complexity.
For clarity, these algorithms are technically not REINFORCE algorithms, but they were indirectly built upon
REINFORCE.
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4.2.1 Natural Policy Gradient

In the EE227C lecture notes, the natural gradient is presented as the Hessian approximation of Bregman divergence
[9]. For background, typical gradient descent minimizes the following function with respect to x:

f(x) + 〈∇f(x), x− x0〉+
1

α
||x− x0||2

The distance term is 1
α ||x − x0||

2, and it can be replaced by another distance term. In the context of natural
policy gradient, that distance term is usually the Fisher Information Matrix [10]. It is equivalent to the Hessian
approximation of KL-divergence, a type of Bregman divergence [11]. The following shows that natural policy
gradient has same update rule as equation 4, along with a new gradient term dependent on F (θ), the Fisher
Information Matrix.

θk+1 = θk + ε∇̂J(θ)

∇̂J(θ) = F (θ)−1∇J(θ)

F (θ) = Eθ[∇θlog(p(a|s, θ)∇θlog(p(a|s, θ)T ]

Here, ∇J(θ) is the true gradient of average reward. That is not always available, so it can be replaced with
equation 3. Using this Fisher Information Matrix solves a problem of typical policy gradient algorithms (including
REINFORCE) of being noncovariant. This means that the gradient term is basis-dependent. Natural policy
gradient is covariant, meaning its gradient term is independent of the basis. Additionally, natural policy gradient
moves towards a greedy optimal solution. According to Sham Kakade in [10], non-covariant gradient updates move
towards better policies, while covariant gradient updates move towards the best policy. We already knew that
REINFORCE moved towards a better policy from equation 2, but now we see that natural policy gradient can
guarantee movement towards a possibly better solution.

Although natural policy gradient is seen as a significant improvement, it still faces some major issues. For one,
calculating the Fisher Information Matrix is very computationally expensive. Additionally, just because it moves
towards the best policy does not necessarily mean that it always converges to it. Figure 2 shows the algorithm in
pseudocode. Note that the “trajectories” are the roll-out samples (h) referenced earlier, the “advantages” are the
cumulative rewards (R(h)), and the policy gradient is ∇̂J(θ).

Figure 2: Natural Policy Gradient pseudocode [11]

4.2.2 Trust Region Policy Optimization

Trust Region Policy Optimization (TRPO) attempts to reduce the computational complexity of natural policy
gradient by using the conjugate gradient method to approximate the inverse of the Fisher Information Matrix. This
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approximation can lead to the update term violating KL-divergence or having negative reward. For that reason,
after approximating the Fisher Information Matrix, the algorithm checks if the direction has positive reward and
doesn’t violate KL Divergence. Finally, it performs line search by scaling the step size by an exponentially decaying
factor α [12].

Figure 3 shows this line search, with the two quality checks on line 4. Using line search was actually recommended
in [10] as a method of making sure that natural gradient moved towards a greedy action that also improved the
policy in the short term. Figure 4 shows the TRPO algorithm in full, with the line search step at the end.

Figure 3: Line search for TRPO [11]

Figure 4: TRPO pseudocode [11]
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4.2.3 Proximal Policy Optimization

The original Proximal Policy Optimization (PPO) algorithm was introduced in 2017, around the same time as
TRPO and 16 years after natural policy gradient. When we say PPO, we are referring to clipping PPO as it was
presented in the paper, since this is the variation the authors proved had the best performance. This algorithm
avoids the computational complexity inherent in natural policy gradient and in TRPO by avoiding KL-divergence
entirely [13]. The purpose of adding KL-divergence was to create a basis-independent distance limitation on update
steps. This would prevent algorithms from overstepping into dangerous territory. The authors of the PPO paper’s
primary goal was to find a simpler way to limit distance. They settled on a gradient term summarized in equation
5. The clipping function clips the probability ratio rt, effectively putting a ceiling on the update term when rt is
more than ε away from 1.

J(θ) = Et[min(rt(θ)Rt, clip(rt(θ), 1− ε, 1 + ε)Rt)] (5)

The ratio rt is a function of the previous and current parameter. It takes advantage of a phenomenon called
importance sampling, well covered in [11].

rt(θk) =
pθk(a|s, θk)

pθk−1
(a|s, θk−1)

Figure 5: Clipping as a penalty for excess distance [13]

The value of this new update term is best illustrated by figure 5. This graph uses different notation, but the
orange line on top represents the update distance used with TRPO while the red line that finishes lowest represents
the update distance used with PPO. The x axis is a linear interpolation between the old policy (at 0) and the
new policy (at 1). The y-axis is the KL-divergence. The conclusion from this graph should be that PPO results
in a lower bound on the KL-divergence found by TRPO. It does this as a first-order optimization as opposed to
the second-order optimization of natural policy gradient and TRPO, decreasing computational complexity. Finally,
figure 6 shows the algorithm in pseudocode.
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Figure 6: PPO pseudocode [11]

5 Empirical Results

5.1 REINFORCE With and Without Baseline

In studying the efficacy of REINFORCE, we first turned to Zhao et al for a simulation setup [2]. They created a
toy environment upon which the algorithms could be tested. The toy environment could be defined by the following
initial parameters, all continuous scalars:

s0 ∼ N (0, 1)

a0 ∼ N (0, 1)

µ = −1.5

σ = 1

Where s0 and a0 are the initial state and action respectively, and µ and σ are the respective initial mean and initial
standard deviation that collectively make up our update parameter θ. The update steps are as follows. For T time
steps, a roll-out sample is collected.

st+1 =
st + at + ε

8000

at+1 ∼ N (µst, σ
2)

Note that the 8000 in the denominator of the state update was introduced to prevent the state from becoming
too large, as occasionally happened during simulation. The final term in the numerator of that equation, ε is to
simulate noise and is drawn from N (0, .52). While each roll-out sample is collected, gradient update terms are
being accumulated like so:

∇µlog(p(ant |snt , θ) =
(ant − µsnt )snt

σ2

∇σlog(p(ant |snt , θ) =
(ant − µsnt )2 − σ2

σ3

Reward for the entire roll-out is calculated with a decaying exponential exponent.
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R(h) =

T∑
t=1

γt−1r(st, at)

r(s, a) = e−s
2/2−a2/2 + 1

For our simulation, γ was set to 0.9. Finally, these roll-outs were averaged over N collections per update step i,
giving us the following update term from equation 3 and respective update equations for the mean and standard
deviation.

∇̂θJ(θ) =
1

N

N∑
n=1

(R(hn)− b)
T∑
t=1

∇θlog(p(ant |snt , θ))

µi+1 = µi + α∇̂µJ(θ)

σi+1 = σi + α∇̂σJ(θ)

For our simulation, the learning term α was arbitrarily set to 0.01 due to the cleanliness of the result. Figure 7a
shows the results of the simulation. We used the following parameters:

T = 20

max(N) = 20

I = 50

A = 50

These parameters mean that we took roll-out samples of length 20, averaged them for each N in [1,max(N)]
collections, updating our µ and σ I = 50 times each. The variable A represents that we ran 50 simulations of this
entire process, averaging the final reward over all simulations. The baseline was set to 0 for the plain REINFORCE
algorithm, and to an adaptive baseline for the REINFORCE with Baseline algorithm:

bn = γR(hn) + (1− γ)bn−1

Figure 7a demonstrates the high variance of plain REINFORCE leading to poor performance and that a baseline
can greatly reduce that variance. For comparison, figure 7b is the same simulation results from the paper by Zhao et
al, except with no mention of the 8000 in the denominator of the state update term, A = 20, and no explicit learning
rate α. REINFORCE-OB is their implementation of REINFORCE with a baseline. To confirm that REINFORCE
without baseline has higher variance, figures 8a and 8b show the calculated variance of the different trials (each a
in A, which was only 20 for this calculation).
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(a) Our comparison of reward from REINFORCE with
and without baseline

(b) A comparison of reward from REINFORCE with and with-
out baseline along with other algorithms from [2]

Figure 7: A comparison of reward from our simulation and Zhao et al

(a) Our comparison of variance from REINFORCE with
and without baseline

(b) A comparison of variance from REINFORCE with and
without baseline from [2]

Figure 8: A comparison of variance from our simulation and Zhao et al

5.2 Newer Algorithms

Additionally, we wanted to compare the 4 algorithms we analyzed (policy gradient, natural policy gradient, TRPO,
and PPO) on a more complex reinforcement learning environment. To do so, we used a github repository[14] that
uses MuJoCo to train different humanöıds and animals how to walk. The goal of that experiment was to determine
if TRPO and PPO would actually improve the policy thanks to the restriction of the trust region that would make
the policy not wander in unknown areas. Figure 9 is the plot of the reward from the Ant-v2 performance. PG
corresponds to Vanilla Policy Gradient and NPG to Natural Policy Gradient.
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Figure 9: A comparison of Policy Gradient, Natural Policy Gradient, TRPO and PPO from [14]

Thus, we clearly see that the Vanilla Policy Gradient (in blue) suffers the most as the reward drop very frequently,
which is exactly what the trust region is meant to correct. We also see that the TRPO algorithm which is using
the hessian of the KL divergence and the backtracking line-search is dropping more than the PPO algorithm. PPO
is more effective and has lower computational complexity.

6 Conclusion

REINFORCE algorithms are derivative free optimization algorithms that are particularly useful for tasks formulated
as games. These games have close to infinite combinations of states and actions, resulting in a difficult optimization
problem. Finding an optimal policy for selecting the next action is an exciting field of research. While REINFORCE
was introduced to us through the context of Random Search which came with a thorough convergence proof, other
REINFORCE algorithms do not. In this paper, we have presented some intuitions about the convergence of both
original and modern REINFORCE algorithms in various contexts. It is our hope that this review helps to clarify
the field of reinforcement learning as a whole for other readers just entering the field.
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