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Abstract

Machine learning involves many challenging integrals that can be estimated using numerical
methods. One application of these methods which has been explored in recent work is the estimation
of policy gradients for reinforcement learning. They found that for many standard continuous control
problems, the numerical methods RQMC and Array-RQMC that used low-discrepancy point sets
improved the efficiency of both policy evaluation and policy gradient-based policy iteration compared
to standard Monte Carlo. We extend this work by investigating the application of these numerical
methods to model-free reinforcement learning algorithms in portfolio optimization, which are of
interest because they do not rely on complex model assumptions that pose difficulties to other
analytical methods. We find that RQMC significantly outperforms MC under all conditions for
policy evaluation and that Array-RQMC outperforms both MC and RQMC in policy iteration with

a strategic choice of the reordering function.
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1 Introduction

This paper investigates to what extent the randomized Quasi-Monte Carlo methods can be used to
optimize the efficiency of reinforcement learning in the financial problem of portfolio optimization.

Machine learning involves many challenging integrals that can be estimated using numerical
methods. Some examples of this are the use of Monte Carlo methods for estimating policy gradients
and variational inference in reinforcement learning [1]. Under certain conditions, Quasi-Monte Carlo
methods that use low-discrepancy point sets instead of using independent uniformly sampled point
sets improve on the efficiency of Monte Carlo [2]. The improvement using Quasi-Monte Carlo in
the context of reinforcement learning has been explored in a low-dimensional context with empirical
experiments on various continuous control problems in a recent paper. In particular, as a variation
of Markov Chain Monte Carlo methods, the Array-QMC method was implemented which allows for
a dimensional reduction to improve performance [3].

As a direction for potential future research, the authors mention it would be useful to formally
characterize when Quasi-Monte Carlo will show improvements over Monte Carlo [3]. In general, the
benefits of Quasi-Monte Carlo over Monte Carlo tend to vanish in higher dimensions [4]. Often when
performing portfolio optimization major trading firms will work with databases involving thousands
of securities, each of which introduces degrees of freedom in reinforcement learning that increase the
dimension of the action space. This research seeks to quantify the difference in the performance in
this context with very large numbers of securities and determine if there is a significant advantage in
a context that reflects the real-world financial industry. In particular, we will focus on the problem
of portfolio optimization.

This paper will begin by covering the fundamentals of the numerical methods and standard mar-
ket models. Then, the paper will explain our problem of interest, the fundamentals of reinforcement
learning, the financial environment in which our experiments take place, and the policy evaluation
and iteration algorithms that will be used to compare the numerical methods. Then we will present
and discuss our findings from running these algorithms.

This paper is accompanied by two Google Colab notebooks that may be used with credit to the

author.



2 Background

2.1 Quasi-Monte Carlo Methods

In this section we will discuss the numerical methods for computing challenging integrals that we will
compare in this research. Usually they are discussed in the context of a unit hypercube [0,1]%,d > 1.
We will present it in this context to be consistent with the literature but this can be easily generalized
to other domains. An introduction to QMC can be seen in the survey paper [2].

Monte Carlo methods (referred to as MC hereafter) are numerical methods that calculate a value
that is challenging to derive theoretically by running repeated random independent experiments and
calculating the average result. In computing integrals with this numerical technique, MC sampling

assumes the points are iid uniform, so the formula for the approximation of the integral is given by:

~ 1 3 ) o FN
/[o,ud f(z)dx ~ N;f(iﬂz)yl‘z U ([0, 1% (iid).

As can be seen from Figure 1, when sampling MC point sets we often see areas of the domain
being neglected (gaps) or having too much concentration of sampled points (clusters). Quasi-Monte
Carlo (hereafter referred to as QMC) aims to avoid the irregularities that occur when sampling iid
points from the domain [5]. It uses low-discrepancy point sets to achieve this, which are more evenly
spread out over the domain than what is typically sampled from MC. By themselves, QMC methods
are deterministic; Randomized Quasi-Monte Carlo methods (hereafter referred to as RQMC) apply
randomization to the point set.

Among other applications, QMC and RQMC can be used to estimate integrals similarly to MC,
by sampling a low-discrepancy point set from the domain and then calculating the average value of

the function at those points:

1

N
/ f(@)dx ~ i Zf(xi), D = {zy,...,xx} C [0,1]% is low-discrepancy.
[0,1]¢ i—1

Definition 2.1.1: The Mean Squared Error (MSE) of an estimator X for an unknown quantity

p is defined to be E[(u — X)?].
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Figure 1: The red dots are MC point sets in the domain [0, 1] sampled with 256, 512, 1024, and
2048 total points. Beside each is the same-sized random linear scrambled Sobol’ point set, with
fewer clusters and smaller gaps.



The MSE can be decomposed as E[(u — X)?] = Var(X — ) + [E(z — X)]?, which is the variance
(a smaller variance indicates greater precision) plus the square of the bias (a smaller bias indicates
a more accurate estimator) [6].

In our situation, the MC and QMC averages are the estimators and the theoretical value of the
integral is the quantity we are trying to estimate. To determine which estimator, MC or RQMC,
works best for a problem that involves closely estimating an integral we usually compare their MSEs.
Since both estimators are known to be unbiased [7], this boils down to finding the estimator with a

smaller variance.

Remark 2.1.2: It is not immediately obvious when RQMC shows an improvement over MC in
terms of its variance, so for a given problem and number of points we usually need to evaluate
results empirically to see which method has the smaller variance. Exceptions to this include
some niche cases, for example, when the function is monotone in each coordinate in two
dimensions [8], and results by Art Owen which showed the asymptotic variance of scrambled

net estimators which can give some intuition for where QMC will do better [9].

For our experiments, following the methods in paper [3] we employ RQMC and Array-RQMC
with scrambled Sobol’ point sets.

The Sobol” sequence is used to generate a low-discrepancy point set to use with RQMC and
Array-RQMC methods. The points are required to be a power of 2 to be stable and satisfy a
quadrature property. These Sobol” point sets are widely used in financial applications [10].

Each coordinate of the Sobol’ point set is intended to maximize the speed of convergence. How-
ever with increasing dimension the quality of the Sobol’ point set deteriorates [11]. To address this
problem, there is a wealth of research on techniques that seek to reduce the effective dimension of
f. One example commonly used for financial applications is the Brownian Bridge technique [12].

By itself the Sobol’ sequence is deterministic. We apply a technique called a random linear
scramble to randomize the point set [3].

The Sobol’ sequence is a specific example of a digital net in base 2.

Algorithm 2.1.3: We follow these steps to generate a digital net in base 2:



1. For N = 2! points in d dimensions, we choose d matrices Ci,...,Cq € {0,1} %0 [ > |

(generating matrices).
2. For 1 <4i < N we obtain the binary representation of i : i = bgi) + bgi)Q + .+ bl(i)Ql_l.

3. We set the vector ﬁgi) =Cj [bgi), s bl(i)}T mod 2 (in each coordinate) for each j =1, ...,d.

D =xk a2k =1, .d.

4. We convert back to decimal: u;

5. The concatenation u() = [ugi), e u((;)] gives the coordinates of the low-discrepancy point

set.

The Sobol’” points can be constructed through this procedure by choosing particular generating
matrices [3].

To apply a random linear scramble to the point set, we multiply each matrix C; used for gen-
erating the sequence on the left by a randomly selected nonsingular lower triangular matrix with
entries in {0,1} [3]. Another scrambling method that can be employed is Owen’s nested uniform
scrambling [13]. We can also apply a digital shift, which involves adding a randomly selected vector
in [0, 1]¢ mod 2 over the binary vectors [2].

The Python module scipy.stats.qmc we use in our experiments applies a linear matrix scramble
and a digital shift [14].

The Array-RQMC methods are a variation of RQMC that were designed specifically for ap-
plications involving estimating integrals of functions f of Markov chains [15]. With a Markov chain
with many timesteps, we see degrading quality of the Sobol point set and applications with the scipy
module are not supported for dimensions above 21201 [14]. Array-RQMC allows for a dimensional
reduction that can allow for higher-quality estimation of the integral for high-dimensional integrands.

With Array-RQMC, we simulate a series of Markov chains {X(()i)7 Xl(i)7 Xéi),

...},1 <4 < N in parallel. At every step of the Markov chain we refresh a new RQMC point set with
dimension equal to that of the state space and number of points equal to the number of simulated
Markov chains, and reorder the states using a sorting function A to match them with the RQMC
points used to advance each chain. This reordering introduces negative dependence between the
chains that gives a better estimation of the expectation over all realizations. The power of Array-

RQMC comes from the generation of a new randomized Sobol’ point set at each time step and from



the strategic choice of the reordering function [16].

Array-RQMC allows for a simulation of Markov chains that will better reflect the theoretical
distribution than independently sampled trajectories. They have been used in finance for applica-
tions including option pricing which require simulating independent trajectories of assets to find the

expected option payoff [17].

Algorithm 2.1.4: This the most commonly presented algorithm in the literature for the Array-
RQMC procedure:

We will let d be the dimension of the state space, f be the function that we are finding the
expectation for, h be the sorting function, N be the number of sampled Markov chains, T
be the number of steps simulated in each Markov chain, zy be the initial value of the Markv
chains, and (s, u) be the function that advances the Markov chain in state s by the RQMC
point w.
Inputs: d, f,h, N, T, zq, ¢
fori=1,...,N do
X(()i) — T
end for
fort=1,...,7T do
Get N scrambled Sobol’ points ugl), . ,uEN) of dimension d
Get the permutation S of 1, ..., N where h(Xt(ﬁ(l))) <. < h(Xt(B(N)))
fori=1,...,N do
X = U, o)
end for

end for

Return 4+ Zi\il f(X;i))

Remark 2.1.5: The literature is not consistent about whether the RQMC points should be re-
ordered as well to minimize the variance of the estimator, and the optimal choice of reordering
function depends on the application. For example the algorithm presented in [18] does not

show the permutation being applied to the RQMC points, but in [19] it is stated that the



RQMC points must be permuted to match them with the permuted states. We explore which
choices work best in the policy iteration experiments for our portfolio optimization applications

of interest in section 4.2.

We model our choices for the sorting function after the procedure described in [18]. For a
randomized Sobol’ point set of size N = 2!, we first sort the point set by the values of the first
coordinate and split it in half. For each half, we sort the Sobol’ points by the values of the second
coordinate and split in half. We repeat this process recursively until we reach the final coordinate
of the point sets, where we sort the sublists in increasing order of that index. Figure 2 gives an
example of this for 8 states and RQMC points. In our approaches we do not necessarily go in order
of the indices, but may go in order of a list of indices in the point sets.

In the event that the number of dimensions d is greater than [ where N = 2!, we need to apply a
dimensional reduction to retain the most important information in each point. We will explore the

dimensional reduction which results in the best performance in section 4.2 as well.

1~

\

1.0 4

0.8 1

/

0.2 4

T
0.2 0.4 0.6

Figure 2: The red points represent a set of 8 states from the same step of 8 parallel Markov
processes and the blue points represent 8 points from a random linear scrambled Sobol’ sequence
in 2 dimensions. The black lines correspond to the matching done by splitting the points into two
groups based on increasing values of the x coordinate, then arranging each group in increasing order
of the y coordinate. This matching assumes both the states and Sobol’ points are permuted.



2.2 Stock Market Fundamentals

Further context on stock market fundamentals may be found in references such as [20].

While we use reasonable parameters based on observations from real-life financial markets, we do
not carefully calibrate parameters used to the overall financial market. This is a separate substantial
task on its own and these parameters vary with the macroeconomic conditions in the overall financial
market.

We assume that a year consists of 250 trading days.

We model an investor with a cash account and a trading account. We assume that there are no
fees for holding these accounts, and money can be readily deposited and withdrawn with no penalty.
We also permit balances in these accounts to become negative without an overdraft fee applying.

We assume the investor holds an account in the currency CAD, so exchange rate fluctuations
can be disregarded. We assume a consistent inflation rate of 2% per year compounded continuously

applies to the investment to match the Bank of Canada’s targeted annual inflation rate.

Definition 2.2.1: For the purposes of this simulation, the risk-free interest rate is defined as
the continuously compounded interest rate that will be accumulated on a positive balance of

funds placed into a savings account.

The lending rate is defined to be the continuously compounded interest rate that will be

charged on an owed balance of funds.

Unlike money in the risky assets, there is no volatility that could result in a fall in value for the
risk-free asset.

We assume that the lending rate for a negative cash balance is higher than the the risk-free
interest rate that is accumulated on savings, to match the traditional business model of banks.
We use a lending rate of 4% compounded continuously and an interest rate of 1% compounded
continuously for this study. We choose an interest rate that is smaller than the inflation rate to

incentivize investing in the financial market.

Definition 2.2.2: A transaction cost in stock trading is a cost that is deducted from a trader’s

account when executing a trade.



For this study, we assume a transaction cost of $0.50 CAD per transaction, in the value of the
currency at the time of the trade. We deduct a transaction cost for each asset that is traded in a
simulation. For trades of fractional shares of assets that are less than 0.001, we do not deduct a

transaction cost.

Definition 2.2.3: Short selling refers to a trade that places a bet against the stock that involves

borrowing the stock, selling it and then repurchasing it later on to return it.

The profit or loss from taking a short position is given by: Sy — Sp — t. where Sy is the initial
price of the asset, St is the sale price of the asset, and ¢. is the transaction cost of the asset. So the
worse the stock performs, the more the short seller earns. We assume other costs including lending
fees and dividends are negligible in our simulation. We will indicate short selling with a negative

position in that asset.

2.3 Mathematical Modelling of Financial Markets

In order to have a realistic model of the financial market, we need to model relationships between

similar assets. These relationships can include:

1. Assets whose prices tend to move in the same direction (positively correlated), e.g. two assets

from the same sector;

2. Assets whose prices tend to move in opposite directions compared to each other (negatively

correlated), e.g. fossil fuel and airline stocks; and,
3. Assets whose prices tend to move independently of each other (uncorrelated).

In our code, we define a correlation matrix 3 to encode the correlations between the assets in the
model. In the case where all standard deviations are 1, this is the same as the covariance matrix.
We separate the different sectors into blocks of five assets that are adjacent to each other in the

indices of the matrix.

Definition 2.3.1: The Cholesky Factor of a positive definite matrix ¥ is the unique lower trian-

gular matrix A such that AAT = ¥ [21].



Definition 2.3.2: We say that a random vector Z = [Zy, ..., Z4]7 is multivariate normal with
mean vector ji = i1, ..., tg]? and covariance matrix ¥ = [0i,5]1<i,j<aq if it has the joint density
function

o(T) = W@r%ef%(ffﬁfz‘l(ffﬁ).
As an important property, for all 1 < ¢ < d we have that the coordinate Z; of Z is normal with

mean p; and variance o; ;, and for all 1 <, j < d we have that Cov(Z;, Z;) = 0; ; [22].

Furthermore, we have the property that for d-dimensional Z ~ MV N(ji,¥) that for any M €

R%*4 we have that Cov(MZ) = MXM™ [22]. In particular if Z ~ MV N(0,I) and A is the Cholesky

Factor of a covariance matrix ¥ then AZ ~ MV N(0, ).

We use several financial models to simulate the price fluctuations of assets. These models all use
normal random variables to advance the stochastic processes encoding the prices. To encode the

correlations, we multiply the vector Z = [Zy, ..., Z4]T encoding the independent standard normal

random variables on the left by the Cholesky factor [21].

Definition 2.3.3: A Brownian Motion W; is a stochastic process indexed by time ¢ > 0, defined:

1. Wy =0,

2. The mapping t — W; is almost surely continuous,

3. For all times t; < to, Wy, — Wy, ~ N(0,t2 — t1),

4. For all times ¢; < to <3 < t4 we have that W, — Wy, and W;, — W,, are independent
random variables.

As a consequence of these conditions, Wy = W; — Wy ~ N(0,t) [23].

Definition 2.3.4: We define the Geometric Brownian Motion (GBM) stock price model by
S, = Spelh—*2 StV where S; > 0 is the price of the asset at time ¢t > 0, u,v € R so that
v > 0, and W, is a Brownian Motion. We refer to the parameter y as the drift of the GBM

and v as the volatility of the GBM.

We define the Heston stock price model by S; = Soe(”_%t)“r\/”iﬂwts where S; is the price

of the asset at time ¢, u € R, v; is a stochastic process defined by the dynamics dv; =

10



k(0 — v)dt + £\/vdW, and W and W} are Brownian Motions with correlation p [23]. We

refer to 6 as the long-run volatility of the Heston.

The GBM model is easy to implement and derive theoretical results for, but has the strong
assumption of constant volatility. These assumptions are reasonable for short time horizons, but
for longer time horizons the Heston model is preferred as it accounts for the fluctuation of volatility

[24].

Definition 2.3.5: We define a financial shock as a major unexpected movement of the price of an

asset that is caused by external factors [25].

While in realistic scenarios the price is not adjusted instantly in response to major news, under
the assumptions of the efficient market hypothesis the price readjusts automatically upon the public
revelation of major news updates to its new equilibrium price.

We will model financial shocks with a Compound Poisson Process.

Definition 2.3.6: A Poisson process counts the number of occurrences of independent events
with an identical and constant arrival rate where two events cannot occur simultaneously. We

will denote a Poisson process N(t) and define its probability distribution as:

k
P(N(t) = k) = “}:R Mk =0,1,2, ..

for ¢ > 0 and a constant rate A > 0.

A Compound Poisson Process is a process Q(t) = Zi]\;(lt)Y; where N (t) is a Poisson
counting process, and the Y;’s are identically distributed random variables that are independent
from each other and also independent from the process N(t). We usually employ a normal

model for the random variables Y; in the Compound Poisson Processes [26].

Remark 2.3.7: Say we have K Compound Poisson Processes Q%) (t),1 < i < K. To model the
effects of these processes on a Geometric Brownian motion, we adjust the GBM pricing model

as follows by adding the processes in the exponential:
S, = Speln=2HoWet QW (4. +QU (1)

11



In the literature usually only one Compound Poisson Process is added [26]. We will use three
to model linked jumps caused by market-wide shocks, sector-specific shocks and asset-specific

shocks.

For our experiments we include jumps with the GBM but not the Heston.

2.4 Sharpe Ratio and Classification of Assets

Definition 2.4.1: We will refer to a market with risky assets A, ..., Ay and risk-free asset A, as

the standard market model.

We define a portfolio w € R4*t! in the standard market model to be a vector such that
Wwll=1.

Say asset 7,1 < i < d+ 1 in the standard market model has a time ¢ price described by the
process St(i), for 0 <t < T. Then the value of the portfolio at time ¢ is given by I1,,(t) = w’'S;

where S, =[SV, ..., S{TIIT [27).

We allow weights to be outside [0, 1] to permit short selling. We will mainly work with dynamic
portfolios wy,t > 0, which may be rebalanced at various points in time under the condition that for

any ¢t we have thf: 1.

Definition 2.4.2: We define the simple return of a portfolio w over time period [t1,2],0 < 1 < 9

to be the ratio Ret(t1,t2) = %&(h) [27].

Definition 2.4.3: The Sharpe ratio of a portfolio w in the standard market model is defined
as S = % where E(Ret,,) is the expected simple return of the portfolio, 7 is the

expected simple return of the risk-free asset and oget, is the volatility (standard deviation) of

the simple return of the portfolio.
By the Sharpe ratio of a risky asset in the standard market model we refer to the Sharpe ratio

of a portfolio where all wealth has been invested into that asset.

The numerator of the Sharpe ratio is the excess return (alpha) of the portfolio, and the denom-
inator is the measure of the risk of the portfolio. A higher Sharpe ratio indicates the capacity for

higher return per unit of risk [27].

12



Lemma 2.4.4: For a Geometric Brownian Motion with constant initial value Sy, drift 4 and volatil-
ity v > 0, the expectation of a simple return of the process over a time horizon of T years is

given by e#T — 1 and the variance of the simple return Ret(0,T) is given by 62”T(e"2T -1).

Proof. The GBM is distributed as St ~ Lognormal(fi, ??) where i = In Sy + (u — ”;)T and

22 = v2T. So, by known results [27] we have

A D2
E(Sr) = eftz = ST — gyenT

and

2

Var(St) = e2i+7? (" —1) = 8862“T(e”2T -1)

So for a simple return,

EST — S0 E(Sr)

So So

E(Ret(0,T)) = —l=eT -1

and

— 1 1 2
arisT 5o = 5 Var(Sr — So) = zVar(Sr) = e (e T 7).
So S§ S§

Var(Ret(0,T)) =V

O

Proposition 2.4.5: For a risky asset 4,1 < i < d in our standard market model with time ¢ price

described by a GBM with drift x4 and whose Sharpe ratio is ¢ over [0, T], the volatility of the

erT —e"f T2
( ) )

GBM over [0, 7] is given by the expression v = \/% log(1 + 7

Proof. If the Sharpe ratio is ¢, for a simple return R(0,7T) that means that

E(R(O,7)) - ()" —1] _
Var(R(0,T))
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(e,uT _ erfT)Q

- = eQ“T(e”zT -1)
c
(e/LT _ erfT)Q L2
= 14+ 2o2uT =e
6,uT rfT)
— \/ log(1 BgaT — ) =v.

O

We can use Lemma 3.2 to derive the volatility when the Sharpe ratio and drift of a risky asset are
known. We will assume a risk-neutral investor who is indifferent between portfolios with an equal
Sharpe ratio. So, this will allow us to determine values of i and v to define assets of equal viability
in the eyes of the agent. We will use this in tiering of assets later on.

Normally the volatility can be simply calibrated from market data, but this is not appropriate

in a context where the assets are synthetic.
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3 Methodology

3.1 Reinforcement Learning

Definition 3.1.1: The problem of portfolio optimization refers to strategically choosing the
weights in a portfolio w in the standard market model so that a desired metric of the portfolio
is maximized [28]. For example, an investor may seek to maximize the simple return of the
portfolio or maximize its Sharpe ratio to be resistant to financial shocks. We will focus on
dynamic portfolio optimization problems which involve rebalancing the weights as the portfolio

performs rather than choosing set weights at the beginning of the investment period.

In our experiments, we will explore a reinforcement learning (RL) approach to portfolio opti-

mization.

Definition 3.1.2: Reinforcement learning is a machine learning technique done under the fol-

lowing framework:
1. There is an agent operating in its environment.
2. At any point in time, the agent exists in a certain state of the world in its environment.

3. The agent takes actions to move between different states of the world.

4. The agent receives a reward for taking a given action in a certain state and ending up at

another state.

5. The goal of the agent is to develop a policy over time to choose an action when in a given

state that will maximize its long-term reward [29].

In our problem of interest the states are the positions the agent holds in the assets of the standard
market model, the actions are the changes the agent makes to the positions in the assets, and the
reward is an indication of the performance of the portfolio that we adjust (we will describe this
further in Section 3.2).

It is true that often machine learning researchers try to avoid reinforcement learning when possible

because it can be noisy, so we need to run experiments many times to get reliable results. While the
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problem of portfolio optimization can be approached with other means, RL is useful in this context
because its model-free algorithms do not need to rely on model assumptions to make decisions
in complex financial environments, which is a challenge for other analytical methods for making
financial decisions [29].

We now describe the mathematical framework of RL problems.

Definition 3.1.3: A Markov Decision Process (MDP) is a tuple (S, A, P,, R,) where:

1. § is a set of Markov chain states,

2. A is a set of actions that agents take to transition between the states,

3. P, is a probability function where P,(s,s’) = Pr(s;4+1 = §'|s¢ = s,a; = a) is the proba-
bility of being in state s’ at time ¢ + 1 given that the state of an agent at time ¢ is s and

the action taken at time t is a, 5,5’ € S,a € A.
4. R,(s,s') is the immediate reward from taking action a in state s and ending up in state

s, 8,8 €S,ae Al29].

Definition 3.1.4: A policy for an RL problem with MDP (S, A, P,, R,) is a function 7 : § — A

which selects an action for an agent given a state of the environment.
Definition 3.1.5: There are two main types of reinforcement learning problems:

1. A discrete control reinforcement learning problem involves finitely or countably in-

finitely many possible actions for any given state.

2. A continuous control reinforcement learning problem involves uncountably many pos-

sible actions for any given state [29].

We will focus on continuous control problems in this research. Most often when working with
continuous state spaces as in our problem of interest, the actions are vectors sampled from multi-
variate Gaussian distributions. For our application of interest, we will use a truncated multivariate
normal policy with coordinates that indicate the number of units that are invested in each risky

asset of the market on each rebalancing day.
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Optimization of a policy in the context of a discrete control problem involves looking at the
maximum projected value over a given set of possible parameter sets for the policy. This is possible
due to the discrete nature of the action space.

In a continuous control problem, it is not possible to take a maximum. Instead, optimization
techniques are employed with the loss function, a function which maps the parameter set to a
value representing the cost for the agent to follow the policy with those parameters, or a reward
function, a function which maps the parameter set to a value representing the benefit for the agent
to follow the policy with those parameters. In particular, we usually use gradient descent to search
for the parameters that minimize a loss function or gradient ascent to search for the parameters that
maximize a reward function [29].

In our portfolio optimization problem of interest, we will parametrize the truncated normal
policy with its mean vector corresponding to the number of units that are invested into each risky
asset. The mean vector determines on average how much is being invested into each asset at each

rebalancing point, which determines the weights in the portfolio that we are trying to optimize.

Algorithm 3.1.6: Gradient ascent is an algorithm defined as follows:

We will let f be the multivariable reward function being optimized, o > 0 be the learning
rate of the algorithm, € > 0 be the tolerance level for ending gradient ascent, and 6y be the
initial value of the parameter set being optimized.
Inputs: f,a,€,60)
Calculate the gradient V f ()
Set 01 + 6y + aV f(6y)
t+1
while ||6; — 6;_1]| > € do
Calculate the gradient V f(6;)
Set 041 < 0, +aV f(6,)
t«t+1

end while
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In general, higher values of « result in larger steps of the algorithm in the domain as it runs, and

a lower tolerance level will require more time for the policy to converge.

Example 3.1.7: For non-convex optimization problems, gradient ascent is not guaranteed to find

the global optimum of a loss or reward function.

Consider the reward function y = —3z* 4+ 162> — 1822. We will demonstrate this has two local

maxima at * = 0 and z = 3, but the local maximum at x = 3 attains a much larger y-value.

Differentiating, y' = —1223 + 4822 — 362 = —12x(2? — 42+ 3) = —12x(x — 3)(z — 1). This has

roots at © = 0, 1,3. Next, we evaluate the second derivative: y” = —36x2 + 962 — 36.

Note that y”(0) = —36, y”(1) = 96 and y”(3) = —72. So there are two local maxima at
x = 0,3 where the function is concave down. However, y(0) = 0 while y(3) = 27. So the global

maximum lies at = 3 (since the function starts low and ends low).

As shown in Figure 3, applying gradient descent from the initial point z = —1 plotted in red
on the left with a small learning rate will result in the point plotted in blue being chosen as the
global maximum of the loss function, which unfortunately misses the actual global maximum.

Figure 4 shows an example of where the global maximum is attained.

Definition 3.1.8: We say an RL algorithm is policy-based if it builds an explicit representation
of a policy m and improves it iteratively [29]. We will focus on this type of RL algorithm in

this research.

By the value of an RL policy we typically refer to the quantity V™ = Es, 4,[Q™ (s¢, ar)] where
Q™ (st,a¢) is a function that assigns a value to taking the action a; in state s; by following the
policy 7 in a Markov Decision Process at time t. We say an RL algorithm is value-based if
it builds a representation of a value function which it uses to assign a quantity that indicates
the relative value of a policy. This can then be used to derive the policy. Examples of how

this could be applied to financial applications may be found in section 4 of [29].

We say an RL algorithm is model-free if it reacts to feedback from an unknown environ-
ment and does not learn the underlying transition probabilities and reward function from the

environment [29].
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Figure 3: gradient ascent algorithm applied to y = —3z? 4+ 1623 — 1822 with the starting point
r = —1 plotted in red, intermediate points plotted in black, and the terminal point plotted in blue.
This choice of initial point does not attain the global max.
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Figure 4: gradient ascent algorithm applied to y = —32* + 1623 — 1822 with the starting point z = 4
plotted in red, intermediate points plotted in black, and the terminal point plotted in blue. This
choice of initial point attains the global max.

19



We say an RL algorithm is on-policy if it estimates the performance of the policy using data
that was collected from following the same policy. We say it is off-policy if it estimates

performance using a different policy [29].

The REINFORCE RL algorithm [29] is a policy-based, model-free algorithm which uses
Monte Carlo methods to approximate policy gradients in applying gradient ascent or descent

(depending on the loss or reward function) to adjust parameters of a policy.

We will focus on the REINFORCE method through this research, and in particular how it can
be improved by using RQMC instead of MC.

On-policy learning is online, which means it refines performance as a policy runs. A particular
example of this would be collecting performance data of a previous policy and using it to update the
parameters of the policy based on the rewards from its environment. Off-policy is primarily offline,
and can flexibly use data from other policies to learn a different policy.

The REINFORCE algorithm is considered off-policy because it uses gradient ascent after com-
pleting a run with a policy to update the policy parameters.

The paper [3] whose work we extend through this paper employed several different RL methods
based on the application, and focused on value-based methods that learned parameters through
a variety of means. Ultimately, we decided that to minimize the fine-tuning of additional model
parameters for an initial exploration of RL methods in a financial context, the simple REINFORCE
algorithm is the most suitable choice that have been shown to be effective in studies such as [30]. In
further extensions to this work, it would be appropriate to consider the state of the art actor-critic

methods as well.

3.2 Portfolio Optimization Environment

For this experiment, we used a reinforcement learning environment to model an investor trading
assets over a period of time. We incorporate many factors that can be adjusted to test their effects
on the algorithms’ performances.

We specify the default conditions of the trading problem to be the following:

We have an investor with both a bank account and a trading account. The investment either
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occurs over T total trading days with rebalances equally spread out over the investment period. In
our experiments, we use T = 250, 1250, or 3750 and have 25, 50, or 125 rebalances. We assume
fractional shares of every asset can be traded up to a level of precision that is consistent with
floating point decimals we will work with in Python; this is practically consistent with online trading
platforms that are available to Canadian investors.

The trading strategy is self-financing, meaning there are no cash injections after time 0 while the
agent invests.

The investor is able to invest in a set of 2, 5, 10, 25, 50, 100, or 1000 assets in the trading
account. Assets are organized into tiers based on their Sharpe ratio. The Sharpe ratios used for the
simulation are -1, -0.5, 0.5, 1, and 1.5.

The underlying model of price fluctuations may be a GBM or a Heston. As shown from Proposi-
tion 2.4.5, under the assumption of a GBM pricing model we can determine the volatilities directly
from the drift, time horizon, risk-free rate, and Sharpe ratio. As the assets are synthetic, we do this
to ensure the assets have the desired Sharpe ratios to have a variety of different performances from
the assets in the environment. We use a time horizon of one year for these calculations. For the
parameters of the Heston, we use this v as the long-run variance, £ = 0.04,p = 0.1 and x = 3.

By default, we will refer to assets that move according to GBMs that have Brownian Motions
with a correlation of 0.7 as being strongly positively correlated, assets that have Brownian Motion
movements that have a correlation of —0.7 as being strongly negatively correlated, and assets that
have Brownian Motions with a correlation of 0.3 as being weakly positively correlated. These values
are in widely agreed-upon ranges for acceptable values for these correlation strengths [31]; we will
adjust these values in section 4 to see if they significantly impact the relative performances of the
numerical methods.

The GBM model may or may not include jumps. If jumps are included, we assign separate
Compound Poisson processes for 1) the entire market, 2) separate sectors, and 3) individual assets
with the same frequency A of 1/1500 in the implementation described in 2.3.7. This is a simplifying
assumption but further analysis would require intense market calibration.

For our simulation, we choose the random variables Y; to be distributed as follows, where Z is

the standard normal distribution:
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Y; = —0.1+0.5Z ~ N(=0.1,0.5).

Then, the exponential of each Compound Poisson process simplifies as follows:

eEiv:(f)Yi — Hfi(f)e}/i — HI-V(t)Xi

where each X; is defined

X; = e 011052 o Lognormal(—0.1,0.5).

In defining the shocks this way, we ensure that shocks will never cause the price to become
negative. Also, negative price shocks have a greater probability of occurring than positive shocks.

We organize assets into sectors, where all assets in one sector are strongly positively correlated
with each other and are all affected by one set of jumps, in a Compound Poisson Process that is
separate from asset-specific and jumps that affect all assets (if jumps are included). This reflects
common price movements of similar assets in response to a shock, e.g. in response to a global
pandemic which puts a ban on international travel, all airline stocks may see a collective price fall.
We make the simplifying assumption that all sectors have identical frequencies of sector-specific
jumps, which does not reflect reality (e.g. the utilities sector tends to be significantly less volatile
than the technology sector).

We model the environments with different numbers of assets as follows:

1. In the 2-asset case, we have a Sharpe -1 asset with drift -0.5 and Sharpe 1.5 asset with drift
0.4. We assume these assets are strongly negatively correlated. This is the smallest case for

which we can have correlation between two assets in the market.

2. In the 5-asset case, we have a Sharpe -1, -0.5, 0.5, 1, and 1.5 asset. For the negative Sharpe
ratios we assign a drift of -0.5 and for the positive Sharpe ratios we assign a drift of 0.4. We

assume all assets are in the same sector. This reflects a sector-specific trading strategy.

3. In the 10-asset case, we have two sectors each with a Sharpe -1, -0.5, 0.5, 1, and 1.5 asset

where for the negative Sharpe ratios we assign a drift of -0.5 and for the positive Sharpe ratios
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we assign a drift of 0.4. We assume these two sectors are strongly negatively correlated.

. In the 25-asset case, we have five sectors each with a Sharpe -1, -0.5, 0.5, 1, and 1.5 asset
where for the negative Sharpe ratios we assign a drift of -0.5 and for the positive Sharpe ratios
we assign a drift of 0.4. We assume the first two sectors are strongly negatively correlated, the
third and the fourth sectors are weakly positively correlated, and all other pairs of sectors are

uncorrelated.

. In the 50-asset case, we have five sectors each with two Sharpe -1, -0.5, 0.5, 1, and 1.5 assets.
For the negative Sharpe ratio assets we assign drifts of -0.5 and -0.2, and for the positive
Sharpe ratio assets we assign drifts of 0.2 and 0.4. We assume the first two sectors are strongly
negatively correlated, the third and the fourth sectors are weakly positively correlated, and all

other pairs of sectors are uncorrelated.

. In the 100-asset case, we have five sectors each with four Sharpe -1, -0.5, 0.5, 1, and 1.5 assets.
For the negative Sharpe ratio assets we assign drifts of -0.5, -0.4, -0.3 and -0.2, and for the
positive Sharpe ratio assets we assign drifts of 0.2, 0.27, 0.33, and 0.4. We assume the first
two sectors are strongly negatively correlated, the third and the fourth sectors are weakly

positively correlated, and all other pairs of sectors are uncorrelated.

. In the 1000-asset case, we have five sectors each with forty Sharpe -1, -0.5, 0.5, 1, and 1.5
assets. For the negative Sharpe ratio assets we assign drifts between -0.5 and -0.2 that vary
by equal increments, and for the positive Sharpe ratio assets we assign drifts between 0.2 and
0.4 that vary by equal increments. We assume the first two sectors are strongly negatively
correlated, the third and the fourth sectors are weakly positively correlated, and all other pairs

of sectors are uncorrelated.

While in the real-world market there are market makers available to allow reasonable liquidity

of the assets, there are only finitely many shares that exist of a stock and even fewer that can be

exchanged on a given trading day. To account for this, we impose (arbitrary) limits of 50000 on how

many shares can be bought and sold in one day. To account for this in the simulation, we use -50000

and 50000 as the endpoints of the coordinates of the truncated normal distribution from which we
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draw the actions for buying and selling on a rebalancing day. We will discuss this further in section
3.3.

On each day, the agent receives one of the following rewards: a modified simple return over
the period from the last rebalancing date, the arctangent of this modified simple return, or the
arctangent of the difference in the Sharpe ratio (calculated empirically with respect to the daily
returns since time 0). Since the arctangent function is a monotone increasing transformation, higher
simple returns will still mean higher rewards and vice versa, and values between -1 and 1 will be a
very similar value before and after applying the arctangent transformation.

Since we are allowing the agent to short sell assets and the portfolio value may become negative,
just using a simple return would result in the algorithm penalizing increases in value when the
previous portfolio value is negative. To avoid this, instead of just using the simple return we take

the absolute value of the initial price in the denominator, in the modified simple return Ret(ty,ts) =

I, (t2)7nw(t1)

T )] where t; < t9 are consecutive rebalancing days.

The main idea behind this choice of reward is the arctangent function is bounded above by
m/2 and bounded below by —m/2. This prevents the agent’s trading strategy from moving in an
uncontrolled way in one direction. While fine-tuning the model with just simple returns it was
found that the algorithm would frequently fail to produce an adequate strategy due to moving too
far in the direction of a positive reward and reaching the imposed buying or selling limits on the
shares of the assets in the market. Similar strategies are used by the authors of the paper [32] with
a hyperbolic tangent squashing function, and in the paper we extend which uses a tanh-Gaussian
policy [3].

For the difference in the Sharpe ratio, the idea behind this is similar to previous research which
applied reinforcement learning to portfolio optimization which used the differential Sharpe ratio
[28]. This is an additive reward that accounts for both volatility and return. In our case rather than
taking the derivative, we look at the difference in Sharpe ratio over small time intervals. We apply
the arctangent function in this case too to avoid numerical issues from values getting too large.

We assume all assets start with the same price at time zero. This is a simplifying assumption
that can reduce the level of complexity of the market: generally more expensive stocks tend to

be value investments which are significantly less volatile in their price movements than small-cap
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stocks. Furthermore, fewer shares of these value stocks can be readily purchased because they are
more expensive, which means they can have less leverage than less expensive assets. However, as we
include stocks that have a variety of risk levels and drift parameters in the market, this is a reasonable
simplification of the market conditions as the problem still boils down to detecting undervalued and

overvalued assets.

y s

Figure 5: This is a plot of the function y = tan~!(x) from Desmos. Note it is monotone increasing
with diminishing slope, and bounded above and below.

Remark 3.2.1: The 10-asset model is intended to serve as a microcosm for a larger stock market:
there are separate groups of assets which move together in different directions and have different
long-term performances. The 25-, 50-, 100- and 1000-asset cases further increase complexity

but just expand on the traits developed through the 10-asset model.

3.3 Policy Evaluation

Definition 3.3.1: For two vectors Z,7 € R%,d > 1 we say that & < i if this inequality applies in
each coordinate.
Definition 3.3.2: For d < b e Rd,é € Rd,Z € R¥*d g covariance matrix, d > 1 we define the

multivariate truncated normal distribution TN (5, ¥, d,b) to be the distribution with

the following probability density:
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where F is defined as the cdf of the multivariate normal distribution MV N(f,%) and 7 is
any vector such that @ < ¥ < b. We refer to § as the mean vector of the truncated normal

distribution and ¥ as the covariance matrix [33].

The multivariate normal distribution in d dimensions normally has the support of R?. For the
truncated normal distribution, we restrict the support to the d-dimensional rectangle in R? between
@ and b and rescale the MVN pdf so the area under the graph is 1.

We will use the coordinates of the truncated normal distribution to represent the number of units
invested into each asset in the market.

As mentioned in section 3.2 we keep the left and right endpoints of the truncated normal constant
at -50000 and 50000 respectively, so a maximum of 50000 units of each asset may be shorted or longed
each day.

We will assume as a relaxing assumption that the covariance matrix is a scalar multiple of the
identity; this is a reasonable assumption in the framework of a portfolio optimization problem as it
would represent an investor who analyzes the performance of stocks independently when selecting
how much to invest in each, and will have the same willingness to consider a variety of choices with
each investment. We will investigate the effects of adjusting this constant variance in sections 4.1
and 4.2.

For our simplified initial dive into this problem, we do not optimize over the covariance matrix
yet and iterate on the mean vector for units invested into the assets.

We follow the vanilla policy gradient approach presented in [3].

Definition 3.3.3: Policy evaluation is the means of determining how useful a policy is by mea-
suring performance with an objective function [3]. For the vanilla policy gradient methods we
employ, we do this by determining the expected future discounted rewards of the process and

comparing the values.

We define the value of a policy as being the value V7™ = E;, ,,[Q™ (s, a;)] where Q™ (sq, at)

is a function that assigns a value to taking the action a; in state s; by following the policy 7y in
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a Markov Decision Process at time t. This expectation is taken with respect to the visitation

frequency for the states as actions are sampled from the policy.

For a vanilla policy gradient method, we sample states and rewards by collecting trajectories
from running a fixed policy. Then we can estimate the value of the objective function as VT o
+ Zf\il Zf;ﬁb 'th(sgi), agi)) where 0 < v < 1 is the discount factor that describes to what extent a
future reward deteriorates in value if it is rewarded one period later, and where we sample a total
of N trajectories of length T;..p (sgi), agi), . s%)eb, a%)eb),i =1,...,N [3]. For our simulations, we do

not include the discount factor because we already account for time value of money and inflation in

the environment.

Algorithm 3.3.4: We define the MC policy evaluation algorithm as follows:

We will let @ be the vector of the left endpoints of the coordinates of the multivariate truncated
normal, b be the vector of the right endpoints of the coordinates of the multivariate truncated
normal, d be the number of risky assets available for trading, N be a power of two encoding the
number of simulated Markov chains, R be the chosen reward function of the RL environment,
Tep be the total number of rebalancing points, 0 be the variable representing the mean vector
of the multivariate truncated normal policy, 7; represent the parametrized policy, o be the
constant standard deviation of each coordinate of the multivariate truncated normal policy,

and (s, a) represent the function that advances the Markov Chain in state s using action a.
Inputs: @, g, d,N,R, T,p, 6_‘: T, 05 @
fori=1,...,N do
Xéi) «~0
end for
fort=1,...,T,c do
fori=1,...,N do
Generate agi) from 7y
X = o). a")
Store the reward REi)

end for
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end for

Return V7o = %Eil\ilth;elegi)

Normally, we use MC to sample iid actions at given states. To apply RQMC, we sample N
scrambled Sobol’ point sets of dimension T..;, X d where d is the number of assets in the market. At
time step t,1 <t < T, for trajectory 4,1 < i < N we use the coordinates (t —1) x d+1tot x d

of the Sobol’ point to sample the action with an inverse of the CDF [3].

Remark 3.3.5: Another option instead of sampling a high-dimensional Sobol’ point set at the
beginning of the algorithm is to sample new RQMC points at every time step. This choice of
algorithm retains unbiasedness with respect to the uniformity but loses low-discrepancy over

[0, 1]Trerxd 3],

Algorithm 3.3.6: We define the RQMC policy evaluation algorithm as follows:

We will let @ be the vector of the left endpoints of the coordinates of the multivariate truncated
normal, b be the vector of the right endpoints of the coordinates of the multivariate truncated

normal, d be the number of risky assets available for trading, F'~! represent the inverse CDF
of the policy 7z, N be a power of two encoding the number of simulated Markov chains, R be
the chosen reward function of the RL environment, T;..; be the total number of rebalancing
points, 6 be the variable representing the mean vector of the multivariate truncated normal
policy, o be the constant standard deviation of each coordinate of the multivariate truncated

normal policy, and ¢(s,a) represent the function that advances the Markov Chain in state s
using action a.
Inputs: @,b,d, F~', N, R, Trey,0,0,¢

fori=1,...,N do

X" 0

end for

Get N scrambled Sobol’ points u™®, ... u™) of dimension d X Tyep

fort=1,...,T,e do

fori=1,...,N do
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wi [“8)71)xd+1> )
o\ = F~Y(wi|@,b,0,01)
X" =X a?)
Store the reward Rgi)

end for

end for

Return V7 = %ELE?;? Rgi)

3.4 Policy Evaluation Notebook

For the implementation of the algorithms in this paper, we ran code in the free versions of online
Python 3 Google Colab notebooks with 12.7 GB of system RAM and 107.7 GB of disk RAM. We
used two separate notebooks, one for policy evaluation and one for policy iteration. We implemented
the reinforcement learning environment described in section 3.2 using Gymnasium [34].

We generated most pseudorandom numbers using the np Python library. The remaining pseudo-
random numbers are used in the scipy generator for RQMC point sets. To initialize this generator,
we generate a random integer with the np library and feed this random integer as the seed in the
RQMC generator. This seed will be consistent for consistent initializations of the np random seed.

We vectorized our code with operations from the np library to maximize efficiency. In the event
that the execution of code needs to be interrupted, we set up a loop at the beginning that burns
the random numbers that would otherwise be used in the code. The remainder of a seed can be run
by resetting the updated sets of parameters to feed into the algorithm and entering the number of
iterations that need to be skipped to continue producing results.

We had the system generate plain text files and graphs from the data and save them in the
online Google Drive folder, and issue a Telegram notification when a new set of data was available
to download. In the event the code is interrupted, the output can be copied and pasted into a plain
text document and then the additional content can be appended on later. For the amount of output
that would be produced from running on one dataset, the number of lines would never exceed the
limit at which some lines in this output would become inaccessible.

Before running, if the notification feature is desired it will be necessary to have access to Telegram
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and create a bot. Then, those credentials will need to be added into the code at the spots indicated
by comments. But this is optional, and also other notification software can be used.

For the policy evaluation experiments, we conducted 30 independent experiments and we either
averaged over the squared error relative to a ground-truth value to compute the MSE or calculated
the variance. For computing the ground truth value to compare to, as the results could not be
evaluated theoretically we calculated a MC estimate on a set of 24 Markov Chains, similarly to
what is done in [3] for the MuJoCo tasks.

We compare MC against RQMC to determine which numerical method is the most appropriate
for valuation of policies under different conditions. Each policy considered is truncated normal with
a covariance matrix of 021, 0 > 0 as in section 3.3 and a mean vector which depends on the policy
keyword.

We considered three different policies:

1. The Do Nothing policy, which has a zero mean vector (on average nothing is invested into

every asset);
2. The One Over N policy, which invests 10 units at every rebalancing point into every asset;

3. The Long-Short Equity policy, which longs 25 units of one asset and shorts 25 units of
another asset where the two assets are in negatively correlated sectors (for environments with

at least 10 assets).
For policy evaluation we specify the following hyperparameters in the functions when running:

1. The constant policy standard deviation o;

2. A vector with the set of values N to iterate over, with each N being the total number of

realizations of the stochastic processes for a given iteration.

We specify the following parameters in the code to alter the external conditions of the environ-

ment:

1. The values indicating a strong and weak correlation between two assets;
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2. The transaction limit for buying and selling the shares each day (endpoints of the truncated

normal distribution);
3. A Boolean indicating whether or not jumps are present if a GBM is used;
4. The initial cash budget the agent begins with at time O;
5. The time horizon of the trading simulation T
6. The total number of equally spaced rebalancing points T;.cp;
7. The total number of risky assets in the market d;
8. The underlying pricing model (GBM or Heston);

9. The reward functions for the two algorithms (either the modified simple return, arctangents

of modified simple returns or the arctangents of Sharpe ratio differences);
10. An indicator of the dataset selected;

11. A keyword indicating which policy is being evaluated (either the Do Nothing, One Over N or

Long-Short Equity strategy).

And we specify the following computational parameters to allow the code to be run in chunks

and picked up on later:

1. A keyword indicating if the observed data will consist of the MSEs or variances;

2. The set of squared error average, maximum and minimum data so far that is used to generate

a graph of the results if the MSE is used;

3. The set of variances so far that is used to generate a graph of the results if the variance is

used;

4. Boolean values indicating whether to generate graphs of the assets in the dataset and a sum-

mary graph of the results.
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Before beginning running the code, the financial environment conditions are initialized, the
dataset for the financial assets is generated, and the mean vector of the policy is initialized based
on the policy selected.

Each iteration occurs over one value of N, which is the number of trajectories sampled for both
MC and RQMC. When all the values of N have been processed the algorithm terminates. If the
MSE is plotted, as the algorithm runs for both MC and RQMC it stores the MSE, the maximum
squared error and the minimum squared error over the set of 30 independent trials. This was done
instead of using the mean and standard deviation to give some idea of the variability of data while
avoiding domain errors caused by the log scale of the graph and standard deviations frequently
exceeding the MSE. If the variance is analyzed instead there are not uncertainty bars.

A single iteration of the code run in the notebook consists of the following:

1. Compute the ground-truth value with MC policy evaluation.

2. Compute the average policy value 30 times independently using both MC and RQMC policy

evaluation.
3. Compute the squared error compared to the ground-truth value for each trial and keep track

of the MSE, maximum and minimum.

3.5 Policy Iteration

With policy evaluation, we took a fixed policy and critiqued its performance using a value function.
On the other hand, policy iteration is the means of improving a policy through iterations of updates

that aim to maximize its expected future rewards [3].

Theorem 3.5.1: By the policy gradient theorem [35], the gradient of the value function with respect

to the optimized parameters g is given by

VV7T =E, o [QW{;(Sa a)vglog ¢(a)]

where 75 is the policy that is being improved, Q™ is the sum of future rewards under this
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policy, ¢ is the pdf of the policy 7z, and where the expectation is taken with respect to the

visitation frequency of the states s as actions a are sampled from the policy .

For a vanilla policy gradient policy iteration method, we assume a constant form of the distri-

bution and use iteration to refine its parameters. We do this by collecting trajectories of actions

(D) () B O =,

and states (sy’,ay’,.. S S7 0 ., N as in the policy evaluation methods to use these

actions and rewards for updating the vector § using gradient ascent [3].

— -,

Lemma 3.5.2: For a truncated normal policy TN (6,%,d,b) we have the following formula for the

gradient of its pdf ¢ with respect to 6: Vylog ¢(&) = B~ H(& — 6).

Proof.

(27.r)d/2 det( ) Uzezp(*%(fi )TEil('f* ))

In the case where ¥ = 0] for o > 0 we have £~! = 51 so V;log ¢(Z) = L (Z —0).

By the policy gradient theorem, we have that VV7¢ = E, ,[Q7 (s, a)V zlog mz(s)] where Q™4 (s, a)
can be approximated by R(7), the sum of rewards in a realization 7 of the Markov Chain where the
action a is taken in state s.

So we will update the vector g after every iteration k by 91 = gk—l + QR(T)%(f — gk_l), as
shown in [35].

Algorithm 3.5.3: We define the MC policy iteration algorithm, following the vanilla policy gradient
algorithm, as follows:

We will let @ be the vector of the left endpoints of the coordinates of the multivariate truncated
normal, b be the vector of the right endpoints of the coordinates of the multivariate truncated

normal, d be the number of risky assets available for trading, K be the number of algorithm
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iterations, N be a power of two encoding the number of simulated Markov chains, R be the
chosen reward function of the RL environment, T;..; be the total number of rebalancing points,
75 represent the paramterized policy, o be the constant standard deviation of each coordinate
of the multivariate truncated normal policy, and ¢(s, a) represent the function that advances

the Markov chain in state s using action a.
Inputs: @, l_;, d, K, N, R, Tye,, 7,0,
Oy 0
for 1 <k < K do
fori=1,...,N do
X0
end for
fort=1,...,T,e do
fori=1,...,N do
Sample a,(f) from 7y
X e o(xM 0"
Store the reward Rgi) and action agi)
end for
end for
O + Op 1+ Q%Eyzlzf;?bR(T(i))%(agi) - ékfl)» where R(7()) := 5/ gi)
end for

Return gK as the updated mean vector

For the RQMC policy iteration algorithm we apply RQMC in the same way as in the policy

evaluation algorithm, for sampling the actions.

Algorithm 3.5.4: We define the RQMC policy iteration algorithm as follows:

We will let @ be the vector of the left endpoints of the coordinates of the multivariate truncated
normal, b be the vector of the right endpoints of the coordinates of the multivariate truncated

normal, d be the number of risky assets available for trading, F~! represent the inverse CDF

of the policy 7z, K be the number of algorithm iterations, N be a power of two encoding the
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number of simulated Markov chains, R be the chosen reward function of the RL environment,
Tep be the total number of rebalancing points, o be the constant standard deviation of each
coordinate of the multivariate truncated normal policy, and (s, a) represent the function that
advances the Markov chain in state s using action a.
Inputs: @,b,d, F~', K, N, R, Tyep,0,¢
0o < 0
for 1 <k < K do
fori=1,...,N do
X0
end for
Get N scrambled Sobol’ points u(®), ..., uN) of dimension d X Tpep
fort=1,...,T, do
fori=1,...,N do

(@) (@) ]

(2)
Wi = (UGl Ui

agi) = FY(wi|@,b, 0,1, 021)
X = o a")
Store the reward Rgi) and action agi)
end for
end for
O O 1+ aL s ST R(70) L (0 — 0, ), where R(r(®) := 5T RV
end for

Return éK as the updated mean vector

For Array-RQMC, we test three different algorithms to determine which performs best. First,
we have the standard Array-RQMC algorithm, which permutes only the states and which selects
the first ten assets for its dimensional reduction. As a slight variation of this method, we also test
the effect of permuting the RQMC points as well in the results in section 4.2.

Algorithm 3.5.5: We define the Array-RQMC FIRST TEN policy iteration algorithm as follows:

We will let @ be the vector of the left endpoints of the coordinates of the multivariate truncated
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normal, b be the vector of the right endpoints of the coordinates of the multivariate truncated
normal, d be the number of risky assets available for trading, F'~! represent the inverse CDF
of the policy 7z, K be the number of algorithm iterations, N be a power of two encoding the
number of simulated Markov chains, R be the chosen reward function of the RL environment,
T,ep be the total number of rebalancing points, o be the constant standard deviation of each
coordinate of the multivariate truncated normal policy, and (s, a) represent the function that

advances the Markov chain in state s using action a.
Inputs: @,b,d, F~, K, N, R, Tyet, 0, ¢
Oy 0
for 1<k <K do
fori=1,...,N do
X(()i) 0
end for
81+ (1,2,..,N)
fort=1,...,T, do
Get N scrambled Sobol’ points ugl), . ,u,EN) of dimension d
fori=1,...,N do
ay) = F~Y(ul|a, I_;, gk_l,UQI)
X = o(x 2, 0"
Store the reward Rii) and action agi)
end for
Get the permutation f;41 of Xt(i)7 1 < i < N based on a split sort on the coordinates
(1,...,min(d, 10)) in order
end for
O 01+ aLsN ST R(70) L (0 — 0, ), where R(r®) := 5T RV
end for

Return 67K as the updated mean vector

For the BEST TEN algorithm, we employ an e-greedy approach for multi-armed bandit problems,
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as discussed in [36]. The exploitation occurs by identifying what the agent has learned to be the
most influential coordinates to achieving high rewards through the gradient ascent algorithm by
using MC (and not RQMC) to perform the first step of the policy iteration algorithm and then
choosing at most ten (or the number of assets, if there are fewer than ten) coordinates to prioritize
based on decreasing absolute value of the coordinates. Because the ordering of assets in the market
is arbitrary and all assets begin with the same price, this attempts to prioritize the assets it finds to
be most effective to invest in when applying an unbiased method for estimating the policy gradients,
as the higher absolute values indicate they were influential in increasing the rewards during gradient
ascent.

In the context of a multi-armed bandit problem, we exploit the coordinates identified during the
first step of the policy iteration algorithm 95% of the time and choose a random set of coordinates
5% of the time.

We apply MC instead of RMC to allow the algorithm to be extended to very high dimensions
like the 1000-asset case that is programmed into the environment. We do K — 1 iterations after, to
allow for a fair comparison with the other algorithms (as it will sample the same number of actions,

states and rewards as them when improving its policy).

Remark 3.5.6: While this particular method is not used in the literature, the literature does
mention many examples of sorting functions chosen inventively to improve performance of
the algorithm, such as in [16]. We argue this formulation is consistent with other creative

application-dependent choices of sorting functions.

Algorithm 3.5.7: We define the Array-RQMC BEST TEN policy iteration algorithm as follows:

We will let @ be the vector of the left endpoints of the coordinates of the multivariate truncated
normal, b be the vector of the right endpoints of the coordinates of the multivariate truncated

normal, d be the number of risky assets available for trading, F~! represent the inverse CDF
of the policy 7z, K be the number of algorithm iterations, N be a power of two encoding the
number of simulated Markov chains, R be the chosen reward function of the RL environment,

Tep be the total number of rebalancing points, o be the constant standard deviation of each

coordinate of the multivariate truncated normal policy, and (s, a) represent the function that

37



advances the Markov chain in state s using action a.
Inputs: @, 5, d,F 1, K,N,R,Tyep,0,¢
0o 0
Apply one iteration of MC policy iteration as above and get the vector 0,
Order 6, in decreasing absolute value of its coordinates, call this 9_71
Let Cpest be the set of min(d, 10) first indices from 51 in the reordered vector 5’1
for 2< k< K do
fori=1,...,N do
Xéi) 0
end for
81+ (1,2,..,N)
fort=1,...,T, do
Get N scrambled Sobol’ points ugl), . ,u,EN) of dimension d
fori=1,...,N do
agi) = F‘l(ugi)ﬁ, b, 0p_1,021)
X0 = (x4 af?)
Store the reward Rgi) and action agi)
end for
r < Random integer between 1 and 100
if » > 95 then
Get the permutation ;11 of Xt(i)7 1 <4 < N based on a split sort on min(d, 10))
random coordinates
else
Get the permutation S;41 of Xt(i), 1 < i < N based on a split sort on the coordi-
nates in Chpest in order
end if
end for
O O 1+ aL s ST R(70) L (0 — 0, ), where R(r(®) := 5T RV

end for
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Return gK as the updated mean vector

3.6 Policy Iteration Notebook

For the policy iteration experiments, we conducted 15 independent trials for each algorithm. We
stop after 15 iterations in experiments rather than waiting until convergence.

The algorithm for Array-RQMC does not match exactly with the code, since the RQMC points
are transformed into their corresponding actions outside the loop. This is done so that the vectorized
operations can be applied outside the loop the minimal number of times, to speed up the algorithm.
There is no consequence of this change since the inverse truncated normal distribution is applied to
each coordinate separately as they are independent and the inverse CDF is monotone increasing, so
it does not matter that they are separated then reassembled into the actions.

At the beginning of one of the independent experiments, the mean vectors of the truncated
normal policies are initialized to the zero vector. As the algorithm runs, we append the complete
series of returns to a vector that stores all of the relevant data. We compute the means and standard
deviations from this data directly when graphing the results. We initialize different experiments with
different seeds, which are fed into pseudorandom number generators to produce different sequences
of random numnbers.

For policy iteration we specify the following hyperparameters in the functions when running:
1. The learning rate a;

2. The constant standard deviation o;

3. The total number of realizations of the stochastic processes N;

4. The dimensional reduction and sorting strategy for Array-RQMC, including a Boolean indi-
cating whether or not the RQMC points are permuted and whether FIRST TEN or BEST
TEN is employed.

We specify the following parameters in the code to alter the external conditions of the environ-

ment:

1. The values indicating a strong and weak correlation between two assets;

39



2. The transaction limit for buying and selling the shares each day (endpoints of the truncated

normal distribution);
3. A Boolean indicating whether or not jumps are present;
4. The initial cash budget the agent begins with at time O;
5. The time horizon of the trading simulation T
6. The total number of equally spaced rebalancing points T;.cp;
7. The total number of assets in the market d;
8. The underlying pricing model (GBM or Heston);

9. The reward functions for the three algorithms (either the arctangents of modified simple returns

or the arctangents of the Sharpe ratio differences);

10. Frequency of new data generation (either all iterations are run on the same dataset or every

iteration is run on a new dataset);

11. If all iterations are run on a new dataset, an indicator of whether or not to link the datasets
(have the prices at the end of the previous iteration’s dataset being the starting prices of the

next iteration’s dataset).

12. If all iterations are run on the same dataset, an indicator of the dataset selected.

And we specify the following computational parameters to allow the code to be run in chunks

and picked up on later:
1. Rewards collected so far for the numerical methods;
2. The number of seeds out of 15 that still need to be completed;

3. The number of iterations that were previously completed if the code was interrupted in the

middle of a seed;

4. A Boolean indicating if just Array-RQMC is run or if MC and RQMC are included as well;
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5. A set of the prioritized coordinates Cp.s; from BEST TEN if it was interrupted in the middle

of a seed;
6. The mean vectors produced for each numerical method run;

7. The set of data collected over all 15 random seeds generated so far that is used to generate a

graph of the results;

8. Boolean values indicating whether to generate graphs of the assets in the dataset and a sum-

mary graph of the results.

Before beginning the iterations, the environment conditions are initialized and financial datasets
to be used are generated.
To quantify how effectively the policy iteration is working, we have two performance measures

that we print out as the algorithm runs:

1. RQMC policy evaluation. We choose RQMC for this task when possible because as we will show
in section 4.1 it tends to outperform MC policy evaluation under all environment conditions.
For the 1000-asset environment we specify for MC policy evaluation to be applied instead due
to the dimension of the Sobol’ point set otherwise exceeding what is supported by the scipy

library.

2. The total simple portfolio return over the duration of the trading strategy. We also printed
out the simple return generated from a 1/n portfolio strategy as a benchmark to compare the

algorithms against in the universe of assets worked with.
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4 Results

4.1

Data Collected for Policy Evaluation

When reporting our results we assume the following default parameters (when we differ from these

defaults we will explicitly state this in the text and titles of the graphs):

1.

10.

The time horizon is T' = 250 trading days (1 year).

. There are T}, = 125 rebalances.

. There are d = 10 risky assets in the market.

There are N = 219 simulations for each numerical method (in cases where we do not iterate

over increasing N in the graphs).

. The policy assessed is the Do Nothing policy

. The pricing model is the GBM with jumps.

The modified simple return over the rebalancing return is the reward, with no squashing from

the arctangent function.

. The strong correlation is 0.7 and the weak correlation is 0.3.

. The database selected is generated from the first of the set of 30 random seeds worked over.

The value of ¢ for the correlation matrix ¥ = 021 is 25.
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Policy Evaluation: T = 250, 2 assets, 25 rebalances Policy Evaluation: T = 250, 5 assets, 25 rebalances
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Figure 6: For each plot MC is graphed in red and RQMC is graphed in blue. The trend lines indicate
the log of the variance of the estimators.
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Policy Evaluation: T = 250, 10 assets, 25 rebalances Policy Evaluation: T = 250, 25 assets, 25 rebalances
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Figure 7: For each plot MC is graphed in red and RQMC is graphed in blue. The trend lines indicate
the log of the variance of the estimators.
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Policy Evaluation: One Over N strategy, T = 250, 2 assets, 125 rebalances  Policy Evaluation: One Over N strategy, T = 250, 5 assets, 125 rebalances
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Policy Evaluation: One Over N strategy, T = 250, 10 assets, 125 rebalances  Policy Evaluation: One Over N strategy, T = 250, 25 assets, 125 rebalances
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Figure 8: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. The 5-asset case shows a flattening
performance of RQMC, this is likely due to the squared bias dominating the variance for this case,
as is demonstrated by the maxima and minima converging very close together for higher number of
points.

Policy Evaluation: Long-Short Equity strategy, T = 250, 10 assets, 125 rebalances  Policy Evaluation: Long-Short Equity strategy, T = 250, 25 assets, 125 rebalances
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Figure 9: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. For this choice of reward function
we see very poor policy evaluation performance for the 25-asset case.
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Policy Evaluation: Long-Short Equity strategy, T = 250, 25 assets, 125 rebalances, with squashing
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Figure 10: For this plot MC is graphed in

T
10
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red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. For this choice of reward function
we see better policy evaluation performance for the 25-asset case.

Policy Evaluation: Do Nothing strategy, T = 3750, 2 assets, 125 rebalances
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Policy Evaluation: Do Nothing strategy, T = 3750, 5 assets, 125 rebalances

log MSE (base 10)

log MSE (base 10)

10 11
log N (base 2)

: Do Nothing strategy, T = 3750, 25 assets, 125 rebalances

10
log N (base 2)

11 12

Figure 11: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. For this choice of reward function
we see very poor policy evaluation performance for all cases.
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Policy Evaluation: One Over N strategy, T = 3750, 2 assets, 125 rebalances
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Policy Evaluation: One Over N strategy, T = 3750, 25 assets, 125 rebalances
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Figure 12: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. For this choice of reward function
we see very poor policy evaluation performance for all cases except the 10-asset case.
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Policy Evaluation: Do Nothing strategy, T = 3750, 2 assets, with squashing  Policy Evaluation: Do Nothing strategy, T = 3750, 5 assets, with squashing
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Policy Evaluation: Do Nothing strategy, T = 3750, 10 assets, with squashing Policy Evaluation: Do Nothing strategy, T = 3750, 25 assets, with squashing
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Figure 13: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. For this choice of reward function
we see much better policy evaluation performance.
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Policy Evaluation: One Over N strategy, T = 3750, 25 assets, with squashing
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Policy Evaluation: Long-Short Equity strategy, T = 3750, 10 assets, 125 rebalances, with squashing
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Figure 14: For this plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE. For this choice of reward function
for the long-term One Over N policy we see much better policy evaluation performance.
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Choice of correlations vs policy evaluation performance for T = 3750, 10 assets and squashing applied on dataset 1
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Figure 15: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random seeds, the lower bounds represent the
minimum squared error, and the MSEs are plotted with large dots. These experiments used N = 210,
The pairs of correlations looked at were 0.9 and 0.1, 0.8 and 0.2, 0.7 and 0.3, and 0.6 and 0.4.

50



Choice of policy standard deviation vs policy evaluation performance for T = 3750, 10 assets and squashing applied on dataset 1
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Figure 16: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random seeds, the lower bounds represent the
minimum squared error, and the MSEs are plotted with large dots. These experiments used N = 210,
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Policy Evaluation: Do Nothing strategy, T = 3750, with squashing on dataset 1
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Policy Evaluation: Do Nothing strategy, T = 3750, with squashing on dataset 2
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Figure 17: For this plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE.
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Policy Evaluation: Do Nothing strategy, 10 assets, T = 3750, with squashing and with jumps  Plicy Evaluation: Do Nothing strategy, 10 assets, T = 3750, with squashing and no jumps
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Policy Evaluation: Do Nothing strategy, 25 assets, T = 3750, with squashing and with jumps  Folicy Evaluation: Do Nothing strategy, 25 assets, T = 3750, with squashing and no jumps
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Figure 18: For this plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE.

L-T squashed policy evaluation performance with increasing numbers of assets, dataset 1

L-T squashed Heston policy evaluation performance with increasing numbers of assets, dataset 1
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Figure 19: For each plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random seeds, the lower bounds represent the
minimum squared error, and the MSEs are plotted with large dots. These experiments used N = 210,
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Policy Evaluation: sgquashed Sharpe difference reward under a GBM
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Policy Evaluation: squashed Sharpe difference reward under a Heston
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Figure 20: For this plot MC is graphed in red and RQMC is graphed in blue. The upper bounds
represent the maximum squared error from the 30 random experiments, the lower bounds represent
the minimum squared error, and the trend line shows the MSE.
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We make the following observations about the results from the graphs:

1. RQMC consistently outperforms MC in all cases where the algorithms perform well by having
a lower variance or MSE. From our graphs we note it seems to converge to zero at a similar
logarithmic rate as MC as the number of sampled trajectories (and therefore states and actions)

increases.

2. For the long-term time horizons in particular, we see that using a modified simple return the
MSEs are significantly higher than what is acceptable for the values provided for the policies.
This problem is fixed by squashing the reward with the arctangent function. As an example,

see Figures 11 and 13.

3. From Figures 6 and 7, we see that increasing the number of rebalancing points for a policy

tends to increase the variance of the short-term Do Nothing policy.

4. From Figure 16, we see that increasing the standard deviation of the truncated normal policy
increases the MSE. This makes sense as a policy with a higher standard deviation should have

results that deviate to a greater extent from the ground-truth value of the policy.

5. From Figure 19, we see that our results for small number of assets scale well to high-dimensional
state spaces. In addition, we remark a small increasing trend in the MSE as the number of
assets increases, but this is challenging to quantify exactly as the dataset changes as the
number of assets changes (the graphs are over three choices of datasets for each number of
assets). Further analysis on datasets that are very consistent between the numbers of assets

would be required to determine if this trend exists.

6. From Figures 15, 17, 18, 19 and 20 we see that the choice of correlations, the selected dataset,
the presence of jumps, and the use of the Heston model do not significantly impact the results

from the experiments.

7. From Figure 20 we note that RQMC also outperforms MC for a choice of the arctangent of
the difference in the Sharpe ratio as the reward, with relative performances similar to what we

see with the squashed modified simple return reward function.
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Remark 4.1.1: While it does appear that the policy evaluation methods perform better on the
short-term cases than the long-term cases due to the smaller MSEs, the larger MSEs in the
long-term cases are a consequence of the higher values of the policies over a longer time horizon.

We do not find a significant difference in performance based on the time horizon alone.
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4.2

Data Collected for Policy Iteration

When reporting our results we assume the following default parameters (when we differ from these

defaults we will explicitly state this in the text and titles of the graphs):

10.

11.

. The learning rate is a = 10.
. The time horizon is T' = 250 trading days (1 year).

. There are T,..;, = 125 rebalances.

There are d = 10 risky assets in the market.

. There are N = 210 simulations for each numerical method.

. The pricing model is the GBM with jumps.

The modified simple return over the rebalancing return is the reward, with squashing from the

arctangent function.

. The strong correlation is 0.7 and the weak correlation is 0.3.

. The database selected is generated from the first of the set of 15 random seeds worked over.

The value of ¢ for the correlation matrix ¥ = 021 is 25.

A consistent dataset is used for all 15 iterations.
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Array-RQMC vs RQMC vs MC comparison for T = 250, 2 assets and 25 rebalances  Array-RQMC vs RQMC vs MC comparison for T = 250, 2 assets and 50 rebalances
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Figure 21: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Figure 22: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines
show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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Array-RQMC vs RQMC vs MC comparison for T = 250, 5 assets and 25 rebalances ~ Array-RQMC vs RQMC vs MC comparison for T = 250, 5 assets and 50 rebalances
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Figure 23: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Figure 24: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines

show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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Array-RQMC vs RQMC vs MC comparison for T = 250, 10 assets and 25 rebalances  Array-RQMC vs RQMC vs MC comparison for T = 250, 10 assets and 50 rebalances
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Figure 25: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Figure 26: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines

show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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Array-RQMC vs RQMC vs MC comparison for T = 250, 25 assets and 25 rebalances  Array-RQMC vs RQMC vs MC comparison for T = 250, 25 assets and 50 rebalances
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Figure 27: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Figure 28: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines
show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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Array-RQMC vs RQMC vs MC comparison for a learning rate of 0.1
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Figure 29: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Array-RQMC vs RQMC vs MC comparison for a weak correlation of 0.4 and a strong correlation of 0.6
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Figure 30: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Figure 31: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines

show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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Array-RQMC vs RQMC vs MC comparison for a policy standard deviation of 5
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Figure 32: For these plots MC is graphed in red, RQMC is graphed in blue, and FIRST TEN with
RQMC points not permuted is graphed in black. The trend lines show the average total reward over
the time period and the uncertainty bars show the standard deviation.
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Figure 33: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines
show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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Array-RQMC variant comparison for T = 3750, 25 assets and 125 rebalances on dataset 1
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Figure 34: For these plots the FIRST TEN variant with no permutations of the RQMC points is
graphed in red, the version with RQMC points permuted is graphed in blue, and the BEST TEN
algorithm is graphed in black. The trend lines show the average total reward over the time period
and the uncertainty bars show the standard deviation.
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No RQMC permutations vs RQMC permutations comparison for T = 3750, 25 assets and 125 rebalances on dataset 1
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Figure 35: For these plots the FIRST TEN variant with no permutations of the RQMC points is
graphed in red and the version with RQMC points permuted is graphed in blue. The trend lines
show the average total reward over the time period and the uncertainty bars show the standard

deviation.



BEST TEN vs RQMC vs MC comparison for with jumps and T = 3750, dataset 1
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Figure 36: For these plots MC is graphed in red, RQMC is graphed in blue, and BEST TEN is
graphed in black. The trend lines show the average total reward over the time period and the
uncertainty bars show the standard deviation.
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Figure 37: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines
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show the average total reward over the time period and the uncertainty bars show the standard
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BEST TEN vs RQMC vs MC comparison for no jumps with T = 3750, dataset 1
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Figure 38: For these plots MC is graphed in red, RQMC is graphed in blue, and BEST TEN is
graphed in black. The trend lines show the average total reward over the time period and the
uncertainty bars show the standard deviation.

69



RQMC vs MC comparison for no jumps with T = 3750, dataset 1 RQMC vs MC comparison for no jumps with T = 3750, dataset 2
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Figure 39: For these plots MC is graphed in red and RQMC is graphed in blue. The trend lines
show the average total reward over the time period and the uncertainty bars show the standard
deviation.
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BEST TEN vs RQMC vs MC comparison for the Heston model with T = 3750

16.5 1

16.0 -

15.5 4 '%/ 4
- / -

101 T = T 1

Reward

X

14.5 1

14.0 1

Iteration

RQMC vs MC comparison for the Heston

model with T = 3750

B9 T TTTTTTTT

14.8 4

14.6 4

Reward

449 41 - T 4+ 4+ =+ =

14.2 4

14.0 4

13.8 T T T T
2 4 6 8
Iteration

10

12 14

Figure 40: For these plots MC is graphed in red, RQMC is graphed in blue, and BEST TEN is
graphed in black. The trend lines show the average total reward over the time period and the

uncertainty bars show the standard deviation.
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BEST TEN vs RQMC vs MC comparison for 50 assets

RQMC vs MC comparison for 50 assets
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Figure 41: For these plots MC is graphed in red, RQMC is graphed in blue, and BEST TEN is
graphed in black. The trend lines show the average total reward over the time period and the
uncertainty bars show the standard deviation.
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BEST TEN vs RQMC vs MC comparison for squashed simple return reward, adjustments every T = 250 days
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BEST TEN vs RQMC vs MC comparison for squashed Sharpe difference reward, adjustments every T = 250 days
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Figure 42: For these plots MC is graphed in red, RQMC is graphed in blue, and BEST TEN is
graphed in black. The trend lines show the average total reward over the time period and the
uncertainty bars show the standard deviation.
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BEST TEN vs RQMC vs MC comparison for squashed simple return reward, adjustments every T = 1250 days
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Figure 43: For these plots MC is graphed in red, RQMC is graphed in blue, and BEST TEN is
graphed in black. The trend lines show the average total reward over the time period and the
uncertainty bars show the standard deviation.
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We make the following observations about the results from the graphs:

1. From Figures 21, 22, 23 and 24 we see that the Array-RQMC FIRST TEN algorithm with
only the states permuted tends to outperform both RQMC and MC for the 2-asset and 5-asset
cases, but it significantly underperforms RQMC and MC in the 10-asset and 25-asset cases as
shown in Figures 25, 26, 27 and 28. This may be a consequence of the focus on the first few
coordinates in the market, which may result in it seeing strong results in markets with fewer
assets but it missing opportunities in markets with more assets. In addition, the ordering of
assets in the market is arbitrary but the first few assets which are the focus of the sort with
this Array-RQMC method are negative performers for markets with at least five risky assets,
which can be shorted for some profit but may result in opportunities for high returns from

investing in the assets with high Sharpe ratios being missed.

2. From Figure 34 we see that BEST TEN overwhelmingly outperforms both variants of the
FIRST TEN algorithm in the 25-asset case where a significant dimensional reduction is re-

quired.

3. We see that RQMC and MC have negligible performance differences for most experiments, with
the main difference being that MC showed a higher standrad deviation in its total rewards in

many cases than RQMC, as shown in Figure 37.

4. We see in some cases like in Figure 21 that when applying Array-RQMC we accumulate a very
high reward that decreases with more iterations, which is undesirable as further iterations

should continue improving the policy.

5. From Figure 29 we see that with a high learning rate of 100 that the numerical methods do not
change significantly after the first iteration. However for the lower learning rate of 0.1 we see a
linear trend which does not show a diminishing effect with more iterations; this indicates that
the gradient ascent algorithm has not effectively reached a high point of the reward function

after many iterations with such a small step size.

6. From Figure 37 we see that with long time horizons both MC and RQMC show a significant

increase in total reward for the first iteration and very small increases for the following itera-

(0]



10.

11.

12.

tions; for longer time periods the returns over the rebalancing periods will be higher, so this

will be similar to having a larger step size with high values of the learning rate.

. From Figures 32 and 33 we see that a higher standard deviation allows for higher returns

under otherwise identical conditions, and that the small choice of 5 for the standard deviation
resulted in a linear trend with little learning similar to what we see with a learning rate that

is too small.

. From Figures 34 and 36 for example, we see that the choice of dataset can have a profound

impact on the performance of the numerical methods under otherwise identical conditions.
This especially affects the performance of BEST TEN, since it exploits the most relevant

assets in the market which change from database to database.

. From Figures 31, 36, 37, 38, 39 and 40 we see that the choice of correlations, the presence of

jumps and the use of a Heston model do not have a significant impact on the performance of
the numerical methods. The Heston model’s fluctuation in the variance appears to cause the

total rewards to fluctuate slightly more than in similar cases with the GBM.

We see in many cases that the BEST TEN method shows much higher uncertainty than MC
and RQMC when operating on one dataset for every iteration, for example in the 50-asset case

of Figure 41.

From Figure 41 we see that for the higher-dimensional cases with a time horizon of T = 250
days, the BEST TEN algorithm significantly outperforms both MC and RQMC in the 50-asset
case but not in the 100-asset case. However for T = 3750 the 100-asset case outperforms MC

and RQMC similarly to how it does in the long-term 10-asset cases.

From Figures 42 and 43 we see that for the cases where we generate new realizations of the
price processes of the assets that make up the market, when using a squashed modified simple
return the BEST TEN algorithm tends to fluctuate and does not convincingly outperform MC
or RQMC, both when each iteration occurs over 250 and 1250 days. On the other hand, when
the reward in the environment is the arctangent of the difference in the Sharpe ratio, we see

that BEST TEN tends to show a noticeable improvement over the other two methods.
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Remark 4.2.1: We note that the reward function is usually positively correlated with the overall
portfolio return over the time period but this is not always the case. For example, for the 100-
asset case with a period of 250 trading days we see positive total rewards but very negative
returns. For the majority of cases the sum of the rewards is usually a good indicator of
performance but when running the code both the sum of rewards and portfolio returns should

be taken into account.

7



5 Conclusions

In summary, for the portfolio optimization problem in the financial market model simulation we
investigated, we have found that RQMC decisively improves the policy evaluation performance com-
pared to MC and while RQMC and MC have comparable policy iteration performance, a strategic
reordering function choice with Array-RQMC can significantly improve its performance compared
to the other numerical methods. Furthermore, we have found that these results apply under both
long-term and short-term periods and different asset pricing models, among other market conditions.
Finally, we have found that these results scale well to high-dimensional datasets and where the poli-
cies are iterated over evolving datasets, which is promising for applications in real-life datasets with

many assets.
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6 Future Work

Several extensions of this work may be useful to further test the usefulness of these numerical

methods in the context of real-life financial problems:

1. The dimension of the state space may be further increased to investigate the practicality of
the numerical methods when working with massive datasets. The notebooks provided with the
paper support a 1000-asset implementation of the environment, but there is not the capacity
to run it on the free version of Google Colab. With more advanced computing resources
this may be investigated using MC policy evaluation. The maximum dimension that would
be supported by these methods would be 21201, the maximum dimension supported by the

scipy.stats.qme module [14].

2. The state of the art soft actor-critic method should be explored in addition to the vanilla
policy gradient method explored in this paper. While simple, the REINFORCE algorithm is

noisy [35], so it is likely the performance may be improved using another RL method.

3. There should be further exploration of strategic choices of reordering functions for Array-
RQMC to evaluate how this may further improve its performance. In particular, the BEST
TEN strategy tends to result in undiversified portfolios because it exploits the assets that are
currently the highest performers, so it would be desirable to derive a sorting function that can

increase the robustness of the portfolio.
4. The methods should be tested on real-world data in addition to synthetic data.

5. Other continuous control problems in finance may be investigated where policy gradients may

be applied, such as in option hedging [24].
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