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Abstract – We study a model of evolving populations of self-learning agents and analyze the interaction between learning and evolution. We consider agent-brokers that predict stock price changes and use these predictions for selecting actions. Each agent is equipped with a neural network adaptive critic design for behavioral adaptation. We discuss three
cases in which either learning, or evolution, or both, are active in our model. We show that the Baldwin effect can be
observed in our model, viz., originally acquired adaptive policy of best agent-brokers becomes inherited over the course
of the evolution. Additionally, we analyze influence of neural network structure of adaptive critic design on learning
processes.
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1. Introduction
The current paper overviews and generalizes our previous work on modeling learning and evolution of autonomous
adaptive agents [1, 2]. The control system of the agent ensures autonomous, self-learning agent behavior. The agent
control system is based on a neural network adaptive critic design (ACD). The ACD includes two neural networks
(NNs), model and critic. The model predicts the state of the environment for the next time step, and the critic is used to
select actions on the basis of model predictions. These NNs can be optimized by both learning and evolution. Learning
uses reinforcement learning method [3]. Darwinian type of evolution includes mutations of NN synaptic weights and selection of agents that have the best control systems.
The model of autonomous adaptive agents is developed in the framework of the animat approach to artificial intelligence that was proposed in the early 1990s [4, 5]. This research methodology implies understanding intelligence
through simulation of artificial animals (animats) in progressively more challenging environments. We design the
model for simple example of autonomous adaptive agent-brokers that can buy and sell stocks in order to increase their
capital. The model is investigated by means of computer simulations.
We analyze specifically the interaction between learning and evolution. It should be noted that the rather non-trivial
Baldwin effect [6, 7] can be observed in our model, viz., originally acquired adaptive policy of best agent-brokers becomes inherited over the course of the evolution. In particular, in some simulations acquired features that at initial generations are obtained by means of learning become inherited at fifth generation. This means that NN synaptic weights
that are initially adjusted by reinforcement learning are then rediscovered during mutations and selections. Though the
evolutionary processes are of Darwinian type, these processes have certain Lamarckian properties.
The paper is organized as follows. Section 2 includes the description of the model. The simulation results are described in Section 3; this Section includes analysis of the interaction between learning and evolution and comparison of
two variants of neural network structure of adaptive critic design: with one hidden layer and with two hidden layers.
Section 4 concludes the paper.

2 Description of the Model

2.1 Agent Task
Inspired by [8], we implement the adaptive agent-broker which predicts future changes of the stock price and tries to increase its wealth by buying and selling stocks. The agent has its resource distributed into cash and stocks. The sum of
these is the net capital of the agent C(t). The agent decision is to modify the variable u(t), which is the fraction of the
agent's capital that is currently invested in stocks. The environment is determined by the time series X(t), t = 1,2,…,
where X(t) is the stock price at the moment t. The goal of the agent is to increase its capital C(t) by changing the value
u(t). The capital dynamics is described by
С(t+1) = С(t) {1 + u(t+1) ∆X(t+1) / X(t)}×[1 – J |u(t+1) – u(t)|] ,

(1)

where ∆X(t+1) = X(t+1) – X(t) is the current change of the stock price, and J
(1 > J ≥ 0) is a parameter that takes
into account expenses of the agent when buying or selling stocks. The factor in the braces corresponds to the change of
the capital as the result of stock price changes. The factor in the square brackets reflects the transaction cost. Following
[9], we use the logarithmic scale for the agent resource, i.e., R(t) = log C(t). The current agent reward r(t) is defined by
the expression: r(t) = R(t+1) – R(t):
r(t) = log {1 + u(t+1) ∆X(t+1) / X(t)} + log [1 – J |u(t+1) – u(t)|] .

(2)

For simplicity we assume that the variable u(t) takes only two values, u(t) = 0 (all in cash) or u(t) = 1 (all in stock).

2.2 Agent Learning
The agent control system is a simplified ACD. Our adaptive critic scheme consists of two NNs: a model and a critic
(see Fig. 1).
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Fig. 1. The scheme of the considered adaptive critic design (ACD). The ACD consists of two neural networks (NNs): a model and a critic.
The model predicts changes of the time series. The critic (the same NN is shown in two consecutive moments) forms the state value function
for the current state S(t) = {∆X(t), u(t)}, the next state S(t+1) = {∆X(t+1), u(t+1)}, and its predictions Spru(t+1) = {∆Xpr(t+1), u(t+1)} for two
possible actions, u(t+1) = 0 or u(t+1)= 1.

The goal of the adaptive critic is to stochastically maximize the utility function U(t) [3]:
∞

U (t ) = ∑ γ j r (t + j ),

t = 1,2,... ,

(3)

j =0

where r(t) is an instantaneous reward obtained by the agent and γ is the discount factor (0 < γ < 1). Making the realistic
assumption |∆X(t+1)| << X(t), we specify that the ACD state S(t) at moment t depends on two values, ∆X(t) and u(t):
S(t) = {∆X(t), u(t)}.

The role of the model is to predict changes of the stock time series. The model output ∆Xpr(t+1) is based on m previous values of ∆X: ∆X(t-m+1),…,∆X(t), which are used as the model inputs. The model is implemented as a multilayer
perceptron (MLP) with one hidden layer of tanh nodes and linear output. The operation of this neural network is described by the following expressions:
xM = {∆X(t-m+1),…,∆X(t)}, yMj = tanh (∑i wMij xMi), ∆Xpr(t+1) = ∑j vMj yMj , (4)
where xM is the neural network input vector, yM is the vector of outputs of hidden layer neurons, wMij and vMj are neuron
synaptic weights.
The critic is intended to estimate the state value function V(S) (estimate of U in (3)) for the current state S(t) =
{∆X(t), u(t)}, the next state S(t+1) = {∆X(t+1), u(t+1)}, and its predictions Spru(t+1) = {∆Xpr(t+1), u(t+1)} for two possible actions, u(t+1) = 0 or u(t+1) = 1. The critic is also an MLP of the same structure as the model. The operation of the
critic neural network is described by the following expressions:
xC = S(t) = {∆X(t), u(t)}, yCj = tanh (∑ i wCij xCi), V(t) = V(S(t)) = ∑ jvCj yCj , (5)
where xC is the neural network input vector, yC is the vector of outputs of hidden layer neurons, wCij and vCj are neuron
synaptic weights.
At any moment t, the following operations are performed:
1) The model predicts the next change of the time series ∆X(t+1).
2) The critic estimates the state value function for the current state V(t) = V(S(t)) and the predicted states for both
possible actions Vpru(t+1) = V(Spru(t+1)), where Spru(t+1) = {∆Xpr(t+1), u(t+1)}, and u(t+1) = 0 or u(t+1) = 1.
3) The ε -greedy rule [3] is applied: the action corresponding to the maximum value Vpru(t+1) is selected with probability 1–ε, and an alternative action is selected with probability ε (0 < ε << 1). (For example, if the action “buy” corresponds to the maximum of Vpru(t+1), then it is selected with probability 1–ε; alternatively, the action “sell” is selected
with probability ε.).
4) The selected action is carried out. The transition to the next time moment t+1 occurs. The current reward r(t) is
calculated in accordance with (2) and received by ACD. The value ∆X(t+1) is observed and compared with its prediction ∆Xpr(t+1). The NN weights of the model are adjusted to minimize the prediction error by means of the method of
error backpropagation [10] and the gradient descent with αM > 0 as the model learning rate.
5) The critic computes V(t+1). The temporal-difference error is calculated:

δ(t) = r(t) + γ V(t+1) – V(t) .

(6)

6) The weights of the critic neural network are adjusted to minimize the temporal-difference error (6) using its backpropagation and the gradient descent with αC > 0 as the critic learning rate.
Note that the error of the model neural network is known, it is equal to the value E = ∆X(t+1) - ∆Xpr(t+1), so this
network is trained to minimize the value E by means of usual error backpropagation method [10]. On the other hand,
the critic neural network is learned using rewards and punishments, so this network is trained by means of the temporal
difference method that is specially developed in reinforcement learning research [3].

2.3 Evolutionary Algorithm
We consider Darwinian evolution of agent populations. We use a simple version of the genetic algorithm [11,12]
without crossovers. Our evolutionary algorithm is described below.
The evolving population consists of n agents. Each agent has a resource that changes in accordance with values of
agent rewards: R(t+1) = R(t) + r(t), where r(t) is calculated in (2). Evolution passes through a number of generations, ng
= 1,2,… The duration of each generation ng is T time steps. At the end of each ng-th generation, the best agent that
maximally increases its resource R(t) during generation time is selected, this best agent gives birth all n agents of the
next (ng+1)-th generation. Any agent has its genome G; the children genomes G differ from their parent genome by
small mutations.
The agent genome G is equal to the initial synaptic weights of both NNs (model and critic), G = {WM0, WC0}, these
weights are obtained by the agent at the moment of its birth. The evolutionary process is of Darwinian type, so the agent
genome G does not change during the agent life. However, synaptic weights of the NNs WM and WC are changed during agent life via learning described above.
At the beginning of any generation, the initial resource of each agent is zero, i.e., R(T(ng–1)+1) = 0. The best agent of
the generation ng has the maximum resource Rmax(ng) at the end of the generation.

At the beginning of every new (ng+1)-th generation, we set for each agent Gi(ng+1) = Gbest, i (ng) + randi , W0(ng+1) =
G(ng+1), where Gbest(ng) is selected from the best agent of the previous ng-th generation, and randi is N(0, P2mut), i.e., a
normally distributed random number with zero mean and standard deviation Pmut (mutation intensity), which is added to
each synaptic weight.
Thus, the genome G changes only via evolution, whereas the synaptic weights W are adjusted only via learning.

3 Results of Simulations

3.1 General Features of Agent Learning and Evolution
The described model was investigated by means of computer simulations. We used two examples of model time series:
1) sinusoid:
X(t) = 0.5 [1 + sin(2πt/20)] +1 ,

(7)

2) stochastic time series [8]:
X(t) = exp[p(t)/1200] , p(t) = p(t–1) + β(t–1) + k1 λ(t) , β(t) = k2 β(t–1) + μ(t) , (8)
where λ(t) and μ(t) are two random normal processes with zero mean and unit variance, k1 = 0.3, k2 = 0.9.
Some parameters were set to the same values for all simulations. Specifically, we set, γ = 0.9, m = 10, αM = αC =
0.01, NhM = NhC = 10, ε = 0.05, Pmut = 0.1, where NhM and NhC are numbers of hidden neurons of the model and critic.
Other parameters (n, T) were set to different values, depending on the simulation, as specified below. Agent expenses
are neglected (J = 0) in the main part of simulations.
We analyze the following cases:
1) case L (pure learning); in this case we consider a single agent that learns by means of temporal difference method;
2) case E (pure evolution), i.e., evolving population without learning;
3) case LE, i.e., learning combined with evolution, as described above.
We compare the agent resource values attained during 200 time steps for these three cases of adaptation. For the
cases E and LE, we set T = 200 (T is generation duration) and record the maximal value of agent resource in a population Rmax(ng) at the end of each generation. For the case L (pure learning), we have just one agent whose resource is reset R(T(ng–1)+1) = 0 after the passing of every T = 200 time steps for consistency with the cases E and LE. In case L the
index ng is incremented by one after every T time steps, i.e., Rmax(ng) = R(Tng). The plots Rmax vs. ng for the sinusoid (7)
are shown in Fig. 2. In order to exclude the decrease of the value Rmax(ng) due to the random choice of actions when applying the ε-greedy rule for the cases LE and L, we set ε = 0 after ng = 100 for the case LE and after ng = 2000 for the
case L. The results are averaged over 1000 simulations with n = 10, T = 200.
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Fig. 2. The plots of Rmax(ng) for the sinusoid (7). The curves LE, E and L correspond to the cases of learning combined with evolution, pure
evolution and pure learning, respectively. Each point of the plots represents the average over 1000 simulations; n = 10, T = 200.

We analyzed the agent policy and found that the optimal policy corresponds to the following agent behavior. The
agent buys stocks when it predicts that the stock price will rise, and it sells stocks when it predicts a declining stock
price. Analysis of agent behavior demonstrates that both pure evolution and learning combined with evolution are able
to find the optimal policy. With this policy, the agent attains asymptotic value Rmax = 6.5 (see Fig. 2). For the case L, the
asymptotic value of Rmax is only 5.4. Analysis reveals that the pure learning is able to find only the following satisfactory policy. The agent buys stocks when stock price rises (or falls by a small amount) and sells stocks when stock price
falls significantly. So, the agent prefers to keep the capital in stocks in this case.
We described results for the sinusoidal time series (7). It should be noted that similar learning and evolutionary processes are observed for stochastic time series (8).

3.2 Interaction between Learning and Evolution. Baldwin Effect
As shown in Fig. 2 for the case of sinusoid, the pure evolution is able to find the optimal policy in all experiments.
However, searching for the optimal policy by means of pure evolution is slower than when combining learning with
evolution, as becomes apparent when examining the curves E and LE in Fig. 2. While learning in our model is not optimal by itself, it helps evolution to find better policies.
The role of learning in evolving agent populations can be observed as the Baldwin effect, or the genetic assimilation
of initially learned features as a consequence of Darwinian evolution. This effect is found in several experiments, one of
which is shown in Fig. 3. We examine how the best agent resource Rmax(t) changes during the first five generations for
the sinusoid time series (7). By the end of each generation, the resource trend is clearly upwards.
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Fig. 3. The plots of the resource Rmax(t) of the best agent in the population for the first five generations. This is the case of learning combined
with evolution on the sinusoid time series; population size n = 10, generation duration T = 1000. The ends of generations are shown by vertical lines. During early generations (generations 1 and 2), there is an obvious delay in the increase of the agent resource. An advantageous
policy is found only after some learning period during first 100 to 300 time steps. By the fifth generation, the rapid increase of the resource
begins at the start of the generation, demonstrating that the advantageous policy has become inherited.

Fig. 3 shows that during the early generations (generations 1 and 2), any significant increase of the agent resource
begins only after a lag of 100 to 300 time steps. The best agent optimizes its policy by learning. Subsequently, the best
agents find an advantageous policy faster and faster. By the fifth generation, a newborn agent “knows” a decent policy
because it is encoded in its genome G, and the learning does not improve the policy significantly. Thus, we can see that
the initially learned policy becomes inherited; this corresponds to the Baldwin effect [6, 7]. Actually, simulations demonstrate that though the evolutionary processes are of Darwinian type, these processes have certain Lamarckian properties.
We analyzed different sets of parameters and revealed that the Baldwin effect is observed reliably if generation duration T is greater than 1000. This means that generation duration T should be sufficiently large to ensure significant
learning during each generation.

3.3 Influence of Neural Network Structure on Learning Processes
We demonstrated that evolutionary optimization of simple neural networks (NNs) can be more effective than reinforcement learning. In order to analyze the problem in details, we investigate additionally the influence of neural network structure on learning processes in the control system of the agents. Namely, we compare two variants of NNs
structures: with one hidden layer (see above) and with two hidden layers. The operation of NNs with one hidden layer is
described by equations (4), (5); slightly modified equations can be used to describe the operation of NNs with two hidden layers.

The control system of agents has the same architecture as described above (see Fig. 1); however, the NNs of the
model and the critic can have one (first variant) or two (second variant) hidden layers. For both variants we consider
three cases of adaptation: L (pure learning), E (pure evolution), and LE, i.e. learning combined with evolution. The
main results for first variant are illustrated in Fig. 2.
We analyze the influence of NNs structure on learning (type L of adaptation). The corresponding results are illustrated by Figs. 4 and 5. These figures show the plots of the mean value Rmax(ng) along with standard deviation σ(ng)
characterizing the distribution of Rmax(ng) with respect to different random seeds.
Fig. 4 demonstrates that for the variant 1 (NNs with one hidden layer) the standard deviation σ(ng) decreases and
tends to zero meaning that agents find similar policies in all simulations. In contrasts to this, the standard deviation
σ(ng) tends to some large asymptotic value for the NNs with two hidden layers (Fig. 5). Analysis reveals that in this
variant, leaning is able to find successfully the optimal policy for some set of initial NNs synaptic weights (approximately for 50% of random seeds), while for other initial synaptic weights learning does not find even a satisfactory policy: agents keep their capital in cash all the time and do not increase their resource.
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Fig. 4. The plot of Rmax(ng) and the standard deviation σ(ng) of Rmax(ng) for pure learning (the case L) on the sinusoid time series. Every point
of the plot of Rmax(ng) represents the average over 1000 simulations; n = 10, T = 200. The values σ(ng) characterize a distribution of Rmax(ng)
over different random seeds. NNs have one hidden layer (the variant 1).
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Fig. 5. The plot of Rmax(ng) and the standard deviation σ(ng) of Rmax(ng) for pure learning (the case L) on the sinusoid time series. Every point
of the plot of Rmax(ng) represents the average over 1000 simulations; n = 10, T = 200. The values σ(ng) characterize a distribution of Rmax(ng)
over different random seeds. NNs have two hidden layers (the variant 2).

Thus, addition of the second hidden layer does result in searching for the optimal policy by means of learning for
some random seeds; however, the same type of learning may be very ineffective for other random seeds.
We also analyze evolutionary optimization of agent ACDs. Simulations demonstrate that both evolution (E) and
learning combined with evolution (LE) are able to find the optimal policy in control systems with two hidden layer NNs
similar to the variant with one hidden layer NNs.

4 Conclusions
We investigated adaptive agents that are able to predict future states, to estimate state value function and to select actions on the basis of predictions and estimations. These adaptive functions can be obtained by means of reinforcement
learning in the agent control system. However, our simulations for agents-brokers demonstrate that such control systems
are too “intelligent” for the simple agent-broker task. Namely, simple evolution is more efficient in searching for the
optimal policy than reinforcement learning. Increase of the number of NNs layers does not improve reinforcement

learning essentially. Our simulations demonstrate also that evolution and learning together are more efficient in searching for the optimal agent policy than evolution or learning alone.
We paid special attention to the interaction between learning and evolution. In particular the Baldwin effect is revealed in our model: originally acquired adaptive policy of best agent-brokers becomes inherited during several generations of evolution. This means that certain Lamarckian properties can be observed during Darwinian evolution.
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