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ABSTRACT. This paper presents the benefits of using randomized neural net-
works instead of standard basis functions or deep neural networks to approxi-
mate the solutions of optimal stopping problems. The key idea is to use neural
networks, where the parameters of the hidden layers are generated randomly,
and only the last layer is trained, in order to approximate the continuation
value. Our approaches are applicable to high dimensional problems where the
existing approaches become increasingly impractical. In addition, since our
approaches can be optimized using simple linear regression, they are easy to
implement, and theoretical guarantees can be provided. We test our approaches
for American option pricing on Black—Scholes, Heston and rough Heston mod-
els and for optimally stopping fractional Brownian motion. In all cases, our
algorithms outperform the state-of-the-art and other relevant machine learning
approaches in terms of computation time while achieving comparable results.
Moreover, we show that they can also be used to efficiently compute Greeks of
American options.

1. Introduction. The optimal stopping problem consists of finding the optimal
time to stop in order to maximize an expected reward. This problem is found in
the areas of statistics, economics and financial mathematics. Despite significant
advances, it remains one of the most challenging problems in optimization, in par-
ticular when more than one factor affects the expected reward. A common provable
and widely used approach is based on Monte Carlo simulations, where the stopping
decision is estimated via backward induction [64, 51], which is an (approximate)
dynamic programming approach. Another provable approach is based on reinforce-
ment learning (RL) [63, 64, 66, 49, 18]. Both approaches are based on the ordinary
least squares approximation which involves choosing basis functions. There are
many different sets of basis functions available that are commonly used, but, it
can be difficult to choose a good set for the considered problem. Moreover, the
number of basis functions often increases polynomially or even exponentially [51,
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Section 2.2] in the dimension of the underlying process, making those algorithms
impractical for high dimensions.

A relatively new approach consists of replacing the basis functions with a neural
network and performing gradient descent instead of ordinary least squares [45, 47,
10, 11]. The big advantage is that the basis functions do not need to be chosen but
are learned instead. Compared to using a polynomial basis, neural networks have
the advantage of being dense in any space LP(u), for 1 < p < oo and finite measure
 [41], while for polynomials this is only true under certain additional conditions on
the measure [3]. Moreover, in many cases the neural network overcomes the curse of
dimensionality, which means that it can easily scale to high dimensions. However,
as the neural network is a non-convex function with respect to its parameters, the
gradient descent does not necessarily converge to the global minimum, while this is
the case for the ordinary least squares minimization. Hence, the main disadvantage
of those methods is that there are no convergence guarantees without strong and
unrealistic assumptions.

In this paper, we propose two neural network based algorithms to solve the opti-
mal stopping problem for Markovian settings: a backward induction approach and
a reinforcement learning approach. The idea is inspired by randomized neural net-
works [16, 42]. Instead of learning the parameters of all layers of the neural network,
those of the hidden layers are randomly chosen and fixed, and only the parameters
of the last layer are learned. Hence, the non-convex optimization problem is reduced
to a convex problem that can be solved with linear regression. The hidden layers
form random feature maps, which can be interpreted as random basis functions. In
particular, in this paper we show that there is actually no need for complicated basis
functions or a large number of basis functions. Our algorithms are based on the
methods proposed by [51] (backward-induction approach) and [64] (reinforcement
learning approach). The difference is that we use a randomized neural network
instead of a linear combination of basis functions. However, a randomized neural
network can also be interpreted as a linear combination of random basis functions.
On the other hand, our algorithms can also be interpreted as the neural network
extensions of these methods, where not the entire neural network but only the last
layer is trained.

In addition, we provide a randomized recurrent neural network approach for non-
Markovian settings. We compare our algorithms to the most relevant baselines in
terms of accuracy and computational speed in different option pricing problems.
With only a fraction of trainable parameters compared to existing methods, we
achieve high quality results considerably faster.

In this work we mainly focus on the well known and important application of
optimal stopping strategies to compute lower bounds for American option prices'
(as was done, e.g., by [64, 51, 20, 67, 68, 69, 70, 47]). However, we also show in
Section 5 how our algorithms can be used to compute upper bounds of the American

ISince American option prices can be formulated as a supremum over stopping times (see
Section 2.2), this naturally leads to lower bounds of their prices when approximating an optimal
stopping strategy (and to the correct price when finding the optimal stopping strategy). Impor-
tantly, computing the lower bound of American option prices in this way, by actually solving the
optimal stopping problem (approximately), provides a control algorithm that allows its user to
make the decision whether to stop or not, to achieve (approximately) optimal outcomes. On the
contrary, the dual formulation of American option prices as an infimum over martingales [55],
which naturally leads to upper bounds for those prices, is not an optimal stopping problem, and
therefore their solution does not provide a strategy to achieve (nearly) optimal outcomes.
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option prices without additional costs via the dual approach introduced in [55] and
refined by [10]. Moreover, we show in Section 7.6 that our algorithms can be used
to efficiently compute the Greeks of American options.

Finally, we note that our approach is very generic in the sense that it can be
applied to any possible type of optimal stopping problem as long as one has access
to a sampling method for paths of the underlying process (which should be stopped
optimally). In particular, in the case of American option pricing, this means that our
approach can be applied to any type of underlying stock model, with or without
(discrete or continuous) dividends; with positive, negative or stochastic interest
rates; and with any type of payoff, no matter its complexity.

2. Optimal stopping via randomized neural networks. One of the most pop-
ular and most studied applications of optimal stopping is the pricing of American
options. Hence, we explain our approach in this context.

2.1. American and Bermudan options. An American option gives the holder
the right but not the obligation to exercise the option associated with a non-negative
payoff function g at any time up to the maturity. An American option can be
approximated by a Bermudan option, which can be exercised only at some specific
dates tg < t1 < ty < -+ < ty, transforming the continuous-time problem to a
discrete one. If the time grid is chosen small enough, the American option is well
approximated by the Bermudan option. In the case of a Rough Heston model, the
convergence rate of the Bermudan option price to the American option price was
shown in [19, Theorem 4.2]. For equidistant dates, we simply write 0,1,2,..., N
instead of t) < t1 <to < --- < tn.

2.2. Option price and optimal stopping. For d € N, we assume having a d-
dimensional Markovian stochastic process (X;);>o describing the stock prices. With
respect to a fixed (pricing) probability measure Q, the (superhedging seller’s) price
of the discretized American option can be expressed through the Snell envelope
described by

Uy = g(XN)v

(1)
U, =max (9(X,),ElaU,+1| X)), 0<n<N,

where « is the step-wise discounting factor, and g(X,,) is assumed to be square
integrable for all n. Then, the (superhedging seller’s) price of the option at time n
is given by U,, and can equivalently be expressed as the optimal stopping problem

Un = Sup‘rGTn E[O‘Ting(XT) | Xn]’ (2)

where 7, is the set of all stopping times 7 > n. The smallest optimal stopping time
is given by

TN — N,
' (3)
n, if g(Xpn) > ElaUpt1 | Xul,
Tn = .
Tn+1, oOtherwise.

In particular, at maturity IV, the holder receives the final payoff, and the value of
the option Uy is equal to the payoff g(X ). At each time prior to the maturity, the
holder decides whether to exercise or not, depending on whether the current payoff
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is greater than the continuation value ¢, (X,,) = ElaU,+1 | X,]. Combining

9(Xn)
1), (2) and (3), we can write the price at the initial time as

(1),
Up = max (g(XO)’ E[aﬁg(XTl)]) .

In the following we approximate the price Uy and continuation values ¢, (X,,) which
are defined theoretically but cannot be computed directly.

2.3. Monte Carlo simulation and backward recursion. We assume having
access to a procedure to sample discrete paths of X under Q. A standard example
is that X follows a certain stochastic differential equation (SDE) with known param-
eters. Therefore, we can sample m realizations of the stock price paths, where the
i-th realization is denoted by xo, 2%, 25, . .. 7x§V, with the fixed initial value xg. For
each realization, the cash flow realized by the holder when following the stopping
strategy (3) is given by the backward recursion

Py = g(xy),

glay,), i g(a},) = en(ay,),

ap, 1, otherwise.

As pi are samples of a™ " 1g(X,,), we have by the strong law of large numbers that
almost surely

B IR
Up = max (g(Xo% Jm — > ap1> : (4)

=1

2.4. Randomized neural network approximation of the continuation value.
For each pathiin {1,2,...,m} and each date nin {1, 2, ..., N—1}, the continuation
value is ¢, (z¢) = ElaU,+1|X, = 2], where ¢, : R — R describes the expected
value of the discounted price aU, 11 if we keep the option until the next exercising
date n + 1, knowing the current values of the stocks X,,. We approximate this
continuation value function by a neural network, where only the parameters of the
last layer are learned. We refer to such a network as a randomized neural network.
Even though the architecture of the neural network can be general, we present
our algorithm with a simple dense shallow neural network, where the extension to
deep networks is immediate. We call & : R — R the activation function. A com-
mon choice is o(z) = tanh(z), but there are many other suitable alternatives. For
K €N, we define o : RE=! — RE=L 5(2) = (a(21),...,0(xg_1))" for z € RE-L,
Let 9 := (A, b) € RE-Dxd x RE-1 he the parameters of the hidden layer which are
randomly and identically sampled and not optimized. In general, A and b can be
sampled from different distributions that are continuous and have support R. The
distributions and their parameters are hyperparameters of the randomized neural
network that can be tuned. For simplicity we use a standard Gaussian distribution.
Let us define

¢ :RY 5 RE 21— o(x) = (oc(Ax + b)T7 1)T

Let 6, == ((A,)",b,)" € RE~1 x R be the parameters that are optimized. Then,
for each n the continuation value is approximated by

co, () =0, ¢(x) = Al o(Az +b) + by, .
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2.5. Least squares optimization of last layer’s parameters 0,,. While the
parameters 9 of the hidden layer are set randomly, the parameters 6,, of the last
layer are found by minimizing the squared error of the difference between conditional
expectation of the discounted future price and the approximation function. This is
equivalent to finding 6,, which minimizes E[(cy,, (2%, n) —aU,41)?|X,, = x!] for each
time n in {1,2,..., N —1}. The backward recursive Monte Carlo approximation of
this expectation at time n yields the loss function

2 2

Un(0n) =D (co,(a},) — aplir)” - (5)

i=1
As the approximation function ¢y, is linear in the parameters 6,,, the minimizer
can be found by ordinary least squares. It is given by the following closed form
expression, which is well defined under the standard assumptions (see Theorems
A4 and A.5)

b= (et )) - (Sothe).

2.6. Splitting the data set into training and evaluation set. The parameters
6,, are determined using 50% of the sampled paths (training data). Given 6, the
remaining 50% of the sampled paths (evaluation data) are used to compute the
option price. By definition, the continuation value ¢, is a conditional expectation,
which is not allowed to depend on the future values X, 4 for 0 < k < N — n.
On the training set, this might not be satisfied, since the loss function (5) uses the
future values X, 1. In particular, the neural network can suffer from overfitting
to the training data, by memorizing the paths, instead of learning the continuation
value. This is related to the maximization bias discussed in [61, Section 6.7]. By
splitting the data into independent training and evaluation sets, we can however
ensure that ¢, evaluated on the evaluation set is independent of future values X,y
of the evaluation set.

2.7. Algorithm. We first sample 2m paths and then proceed backward as follows.
At maturity, the pathwise option price approximation is equal to the payoff, which
means that p, = g(x%). For each time n in {N—1, N—2,...,0}, we first determine
0., as described before using the paths {1,2,...,m}. For all paths ¢ € {1,2,...,2m}

we then compare the exercise value g(z%) to the continuation value ¢y, (z%) and
determine the path-wise option price approximation at time n as

Pr = 9(%0) Loty >eo(ai)y + a1 L{g(ai,)<co (1)) -
~——— —— —_——
payoff  exercise discounted future price  continue

Finally, the second half of the paths {m + 1,...,2m} is used to compute the op-

tion price approximation py = max(g(zo), % Zf;nm 1 ap?). We call this algorithm,

which is presented in Algorithm 1, randomized least squares Monte Carlo (RLSM).

2.8. Guarantees of convergence. We present results that guarantee convergence
of the price computed with our algorithm to the correct price of the discretized
American option. The formal results with precise definitions and proofs are given
in Appendix A. In contrast to comparable results for neural networks [47, 10, 11],
our results do not need the assumption that the optimal weights are found by some
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Algorithm 1 Optimal stopping via randomized least squares Monte Carlo (RLSM)

Input: discount factor «, initial value xg
Output: price pg
1: sample a random matrix A € RK=1Dxd and a random vector b € R¥~1
2: simulate 2m paths of the underlying process (zt,...,z%) for i € {1,...,2m}
3: for each path i € {1,...,2m}, set p& = g(z%y)
4: for each timen € {N —1,...,1}

a: for each path i € {1,...,2m}, set ¢(x}) = (o(Axi +b)T,1)T € RE

. Sy —1 . .
b: set 0, = a (372, ¢(z),)0 " (27,)) (i, 6(ah)Phs1)
c: for each path ¢ € {1,...,2m}
set ph = (20 ) Lg(wi) 207 o(wi) T OPhialg(as)<o] 6(at)

5: set pg = max(g(wo), = ngnﬂ apt)

optimization scheme like stochastic gradient descent. Instead, our algorithms imply
that the optimal weights are found and used.

Theorem 2.1 (informal). As the number of sampled paths m and the number of
random basis functions K go to oo, the price py computed with Algorithm 1 converges
to the correct price of the Bermudan option.

2.9. Possible extensions. When the set of pricing measures Q has more than one
element (in case of an incomplete market), the option price is given by SUPgeg U(?,
where U@ is defined as in (1). Assuming that we can sample from a finite subset
Q1 C Q, this price can be approximated by first computing the price for each
measure in @7 and then taking the maximum of them.

For simplicity we assume that the payoff function only takes the current price
as input. However, all our methods and results stay valid if g(X,,) is replaced by a
square integrable J,-measurable random variable Z,,, where F,, denotes the infor-
mation available up to time n. In the case that (Z,)1<n<n is Markov, Algorithm 1
and Algorithm 2 (Section 3) can be used; otherwise, Algorithm 3 (Section 4) has
to be used, to deal with the path dependence. In the following sections we stick to
the notation g(X,,) for the payoff, keeping in mind that the extension to a general
Z,, 1s also valid there.

Similarly, a more general discounting can be incorporated, by assuming that Z,
is given in discounted terms and setting o = 1.

3. Optimal stopping via randomized reinforcement learning. In order to
avoid approximating the continuation value at each single date n € {1,...,N —
1} with a different function, as is done in Section 2, we can directly learn the
continuation function which also takes the time as argument. Hence, instead of
having a different function cp, (2¢,) for each date n, we learn one function which is
used for all dates n. As previously, we define the parameters of the hidden layer
9= (A, b) € RE-Dx(d+2) o RE-1 which are randomly chosen and not optimized,
and ¢ : R¥2 — RX ¢(n,x) = (0(AZ, +b)",1)T, where 7, = (n, N —n,z,}))T. Let
6 € RX define the parameters that are optimized, and then the continuation value
is approximated by
co(n,z) = 0" ¢(n, ).

Instead of having a loop backward in time with N steps, we iteratively improve the
approximation c¢y. More precisely, we start with some (random) initial weight 6y and
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then iteratively improve it by minimizing the difference between the continuation
function ¢y, and the prices p computed with the previous weight 6,_;. Moreover,
differently than in Section 2, we use the continuation value for the decision whether
to continue and for the approximation of the discounted future price, as in [64]. This
second algorithm can be interpreted as a randomized fitted Q-iteration (RFQI) and
is presented in Algorithm 2. It is a very simple type of reinforcement learning, where
the agent has only two possible actions, and the agent’s decision does not influence
the transitions of the state. In particular the agent’s decision does not influence the
evolution of the underlying stocks. As a reinforcement learning method, it is based
on the assumption that the optimization problem can be modeled by a Markov
decision process.

Algorithm 2 Optimal stopping via randomized fitted Q-Iteration (RFQI)

Input: discount factor a, initial value xzq
Output: price pg
1: sample a random matrix A € RE-D*(4+2) anq a random vector b € RE—1
2: simulate 2m paths of the underlying process (zi,...,z%) for i € {1,...,2m}
3: initialize weights fy = 0 € RX and set £ =0
4: until convergence of 6,
a: for each path i € {1,...,2m}
i: set piy = g(z%)
ii: for each date n € {1,...,N — 1}
set ¢(n,z!) = (c(AT: +b),1) € RE
set i, = max(g(wh), 6(n, 71 6)
b: set

N m -1 N m
Orp1 =« (Z:l ;Gﬁ(”a zh)o " (n, l’%)) (Z:l ;éf?(”a Iiz)szl) eR”

ciset £ C+1
9 ,
5: set po = max(g(xo), = > 1 oph)

3.1. Guarantees of convergence. We present results that guarantee convergence
of the price computed with our algorithm to the correct price of the discretized
American option. The formal results with precise definitions and proofs are given
in Appendix B.

Theorem 3.1 (informal). As the number of iterations L, the number of sampled
paths m and the number of random basis functions K go to 0o, the price py computed
with Algorithm 2 converges to the correct price of the Bermudan option.

4. Optimal stopping via randomized recurrent neural networks for non-
Markovian processes. For non-Markovian processes, for each date n, the con-
tinuation function is no longer a function of the last stock price, ¢,(X,), but a
function depending on the entire history ¢, (Xo, X1, ..., Xn—-1, X ). More precisely,
the continuation value is now defined by ¢, := E[ag(X, 1) | Fn] where F,, denotes
the information available up to time n. Therefore, we replace the randomized feed-
forward neural network by a randomized recurrent neural network (randomized
RNN), which can utilize the entire information of the path up to the current time
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(0,21, ., Zn-1,2y). In particular, we define the parameters of the hidden layer
V= (A, Ap,b) € RE-Dxd y RIE=DX (K1) 5 RE=1 which are randomly sampled
and not optimized. Their distributions and parameters, which do not have to be
the same for A, and Ay, are hyperparameters that can be tuned. These tuning pa-
rameters are more important in this case, as they determine the interplay between
past and new information. Moreover, we define

¢ REX RE 5 REHL (2 h) — é(z,h) = (6(Apz + Aph+0) T, 1) T
and 0,, := ((A,)",b,)" € RE~1 x R, the parameters that are optimized. Then, for
each n, the continuation value is recursively approximated by
hn, = o(Azxn + Aphp—1+0),
{ co, (hn) = Alh,+b,=0]0(x,, hy_1),

with h_1 := 0. We call this algorithm, which is presented in Algorithm 3, random-
ized recurrent least squares Monte Carlo (RRLSM).

(6)

Algorithm 3 Optimal stopping via randomized recurrent least squares Monte Carlo
(RRLSM)

Input: discount factor «, initial value xq, initial latent variable h_; = 0
Output: price pg
1: sample random matrices A, € RE-Dxd 4, ¢ RK-Dx(K-1) apd g
random vector b € RE~1
2: simulate 2m paths of the underlying process (z¢,...,z%) for i € {1,...,2m}
3: for each path i € {1,...,2m}, set p& = g(z%)
4: for each date n € {0,...,N — 1}

a: for each path i € {1,...,2m}, set hi = o(A,xl, + Aphl_; +b)
5: for each date n € {N —1,...,1}

a: for each path i € {1,...,2m}, set ¢!, = ((h%)7,1)T € RX

b: set 0, =« (Z:nzl n( Z)T)_l (2211 ‘%pib-i-l)

c: for each path ¢ € {1,...,2m}

set pr, = 9(20) Lg(wi)>07 o1, + OPrs1lg(wi) <07 o1,

6: set po — max(g(zo), & 22 1, ap})

4.1. Guarantees of convergence. We present results that guarantee convergence
of the price computed with our algorithm to the correct price of the discretized
American option. The formal results with precise definitions and proofs are given
in Appendix C.

Theorem 4.1 (informal). As the number of sampled paths m and the number of
random basis functions K go to 0o, the price py computed with Algorithm 3 converges
to the correct price of the Bermudan option.

5. Upper bounds for American option prices. So far we have approximated
the value of an American option by computing the optimal stopping time (3) with
which the value of the Snell envelope (2) can be determined. Since our algorithms
only approximate the optimal stopping time of this maximization problem, the
resulting price is a lower bound for the true value. The advantage of this method is
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that it not only provides an approximation for the price but also provides a decision
rule for when to stop.

An upper bound of the true value is naturally implied by the dual method intro-
duced by [55]. In particular, [55, Theorem 2.1] yields that the starting value of the
Snell envelope (2), which is the price of the American option, can equivalently be
written as the minimization problem

Uy= inf E Zn — M), 7
o= mf OSSBEN( ) (7)

where Z,, denotes the discounted payoff process (see Section 2.9), and My is the set
of (F,)-martingales starting at 0. As explained in [10, Section 3.2], the minimizer
of (7) is given by the martingale part of the Doob-Meyer decomposition of the Snell

envelope (Up,)o<n<n for the discounted payoff process. This martingale is defined
through

M =0,

N . 5 5 (8)
MY — MY | =U, —E[U,|Fn_1] = max(Z,, E[Un41|Fn]) — E[Un|Fn_1],

where we used (the discounted version of) (1) for the last equality. Since our
algorithms compute the continuation values ¢, = E[U,1|F,] (written in the most
general form; see Section 4), we can compute an upper bound approximation of the
option price together with the lower bound nearly without additional costs® via (7)

and (8) as

Up=E| sup (anMg) ,
0<n<N

with
MY =0, MY —MY | =max(Z,,cn) — cn1.

Moreover, given our methods to compute the lower and upper bound of an American
option price, confidence intervals can be computed exactly as described in [10,
Section 3.3].

Algorithm 4 is the extension of Algorithm 1, where the upper bound for the option
price is computed in addition to the lower bound. The extensions of Algorithms 2
and 3 work similarly.

6. Related work. We present the most relevant approaches for the optimal stop-
ping problem: backward induction either with basis functions or with neural net-
works and reinforcement learning. Moreover, we explain the connection of our
algorithms to randomized neural networks and reservoir computing techniques.

2We only need the additional computation and storage of the martingale differences MT(LJ —
MnUf17 the computation of MU as its cumulative sum and finally the computation of the maximum
over Z,—MY . Since no additional loop or simulation is needed, the computational costs stay nearly
the same. In particular, this may be considered as an advantage over the algorithm presented by
[10], where the computations of the lower bound as well as additional time consuming computations
(approximately doubling the total computation time) are needed to get an approximation of the
upper bound.
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Algorithm 4 Upper and lower bounds for Bermudan option price via randomized
least squares Monte Carlo (RLSM)

Input: discount factor a, initial value zq
Output: lower price bound p), upper price bound p¥
1: sample a random matrix A € RK=1Dx4 and a random vector b € RE~1
2: simulate 2m paths of the underlying process (z%,...,2%) for i € {1,...,2m}
and compute the discounted payoffs zﬁl = g(a;;) * a”_for 1<i<2m,1<n<N
3: for each path i € {1,...,2m}, set ply = 2z and ¢y =0
4: for each time n € {N —1,...,0}
a: for each path i € {1,...,2m}, set ¢(x%) = (o(Axi, +b)7,1)T € RE
. S —1 X .
b: set 0,, = (27;1 ¢(IZ)¢T(x§L)) (2111 (15(17%)13%4-1)
c: for each path ¢ € {1,...,2m}
i: set ¢!, =0 ¢(z?)
ii: set pj, = 23 1zi > + Ppgalai<ei,
iii: set AM) | = max(z;,¢5, 1) — ¢},
5 .
5: set py = max(g(zo), 15 225 0, 1 D)
5 . ,
6: set pf = - 37, 1 (maxocn<n (7, — Yy AMY))

6.1. Optimal stopping. Numerous works studied the optimal stopping problem
via different approaches. A common approach consists of using a regression based
method to estimate the continuation value [62, 7, 17, 63, 64, 51, 59, 14, 15, 46, 24, 43],
or the optimal stopping boundary [54, 2, 31]. A different approach uses quantization
[4, 5]. A dual approach was developed and extended in [55, 38, 56]. [6] studied
Lenglart’s theory of Meyer-sigma-fields and El Karoui’s theory of optimal stopping
[28]. An in depth review of the different methods is given in [13, 53].

6.1.1. Optimal stopping wvia backward induction. Among the most popular
approaches are the backward induction methods introduced by [64] and [51]. [64]
uses the approximated continuation value to estimate the current price, by using
the backward recursion

Py, = max(g(zy,), ¢, (27,)) - (9)
Instead, [51] uses the continuation value only for the decision to stop or to continue,
yielding

(10)

i { glah), if glal) > cp, ()
pn:

apt.,, otherwise.

The second algorithm is more robust, as the approximation is only used for the
decision and not for the estimation of the price. Hence, the method proposed by
[51] is the most used method in the financial industry and can be considered state-
of-the-art. In both papers, the approximation cp(z?) = 07 ¢(z!) is used, where
¢ = (¢1,...,0K) is a set of K basis functions, and § € R¥ are the trainable
weights. Possible choices for the basis functions proposed in [51] are Laguerre,
Hermite, Legendre, Chebyshev, Gegenbauer and Jacobi polynomials. While they
have the advantage of having convergence guarantees, both algorithms do not easily
scale to high dimensional problems since the number of basis functions usually grows
polynomially or even exponentially [51, Section 2.2] in the number of stocks. One
direction of research to overcome this problem is to apply dimension reduction
techniques [8].
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6.1.2. Optimal stopping via backward induction using neural networks. Another
idea to overcome this issue was proposed by [45], which consists of approximat-
ing the continuation value by a neural network

folzy,) = colay,).
That way, the features are learned contrary to the basis functions which must be
chosen. While [45] used the backward recursion (9) introduced by [64], both [47] and
[11] used the backward recursion (10) suggested by [51]. Instead of approximating
the continuation value, [10] suggested approximating the whole indicator function

present in (10) by a neural network fg, (z},) & 1{g(i)>c(ei)}- Then, the current
price is estimated by

P = g(@}) fo,(xy,) +apl, 1 (1= fo(x3,)) -
stop continue

Moreover, instead of minimizing the loss function (5) in order to find a good ap-
proximation of the continuation function, [10] optimized the parameters by directly
maximizing the option price 1y, (6,) = = > 7" | apf,.

All those algorithms use stochastic gradient methods to determine the param-
eters of the neural networks. They have to find the parameters of N — 1 neural
networks (using a different neural network for each date). Since they use stochastic
gradient methods with a non-convex loss function they cannot provide theoretical
convergence guarantees, without the strong assumption that they actually find the
optimal parameters.

6.1.3. Optimal stopping via reinforcement learning. By its nature, reinforcement
learning is closely related to the dynamic programming principle as shown in [61,
12]. Moreover, the optimal stopping problem is well studied as an application of
reinforcement learning [63, 64, 66, 49]. In all those methods, a linear approximator
is used (linear combination of basis functions), similarly to the LSM method [51]. If
a standard set of basis functions that grows polynomially in the dimension is used,
then these methods suffer from the curse of dimensionality. In particular, they
cannot practically be scaled to high dimensions, as can be seen in our numerical
results. To the best of our knowledge, our approach constitutes the first time
that randomized neural networks are used to approximate the value function in
reinforcement learning.

6.2. Randomized neural networks and reservoir computing. In RLSM and
RFQI we use a neural network with randomly sampled and fixed hidden layers,
where only the last layer is reinitialized and trained at each time n € {N—1,...,1}.
The architecture used at each time can be interpreted as a neural network with
random weights (NNRW) studied and reviewed in [16], where a universality result
was provided in [42]. Randomized neural networks as approximation functions were
also studied by [36].

Randomized recurrent neural networks are an extension of randomized neural
networks. A recurrent neural network (RNN) where the parameters are randomly
generated and fixed and only the readout map is trained is known as a reservoir.
Reservoir computing not only reduces the computation time but also outperforms
classical, fully trained RNNs in many tasks [58, 65, 52, 30]. Similarly, as in reser-
voir computing, in our randomized recurrent neural network algorithm RRLSM,
the parameters of the hidden layers are randomly sampled and fixed thereafter.
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However, while reservoir computing trains only one readout map which has the
same parameters for all times, we train a different readout map for each single time
ne{N —1,...,1}, similarly to RLSM.

6.3. Backward induction versus reinforcement learning. Backward induc-
tion is an (approximate) dynamic programming (ADP) approach. While [61] re-
gards ADP as a class of RL algorithms, we distinguish these two approaches in this
work, because of their different algorithmic structure and their different ways of
using the training data. In particular, backward recursion computes the approxi-
mation of the continuation value for each date sequentially. More precisely, it starts
at the final date and goes backward in time. For the approximation at each date,
only the data of this date is used. In contrast to this, RL starts with an initial
approximation that is applied for all dates and iteratively improves this approxi-
mation. This way, the data of all dates is used to improve the approximation of all
dates. In comparison to backward recursion, this can be interpreted as a type of
transfer learning between the dates.

7. Experiments. There are numerous ways to empirically evaluate optimal stop-
ping approaches. We choose the most studied settings that were considered in the
American option pricing literature. In particular, we only consider synthetic data.
Applications to real data involve model calibration, which is an independent prob-
lem and finally results in applying the optimal stopping algorithm to synthetically
generated data again.

Besides our algorithms, we also implemented the baselines and provided all of
them at https://github.com/HeKrRuTe/0OptStopRandNN.

7.1. Experimental setup. In our experiments, we mainly focus on the compu-
tation and comparison of lower bound approximations of American option prices.
However, in Section 7.5 we present experiments where also upper bound approxi-
mations are computed with RLSM based on the derivation in Section 5.

The evaluation of all the algorithms was done on the same computer, a dedicated
machine with 2xIntel Xeon CPU E5-2697 v2 (12 Cores) 2.70GHz and 256 GiB of
RAM.

7.1.1. Baselines (LSM, NLSM, DOS and FQI). We compare RLSM and RFQI to
three backward induction algorithms and one reinforcement learning approach: first,
the state-of-the-art least squares Monte Carlo (LSM) [51]; second, the algorithm
proposed by [47], where the basis functions are replaced by a deep neural network
(NLSM); third, deep optimal stopping (DOS) [10], where instead of the continuation
value, the whole indicator function of the stopping decision is approximated by a
neural network; and finally, the fitted Q-iteration (FQI) presented as the second
algorithm in [63]. [49] studied and compared two reinforcement learning based
methods (FQI and LSPI) to solve the optimal stopping problem. Since FQI always
worked better in our experiments, we only show comparisons to this algorithm. Our
aim is to compare the main concepts of all the different algorithms in a fair way, so
we leave away certain (more sophisticated) particularities unique to each of them.

7.1.2. Choice of basis functions for the baselines. There are many possible choices
for the set of basis functions. [51] proposed using the first three weighted Laguerre
polynomials for LSM, and [49] added three additional basis functions of the date for
FQI. While the size of this set of basis functions scales linearly with the dimension,
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it does not include any interaction terms. The classical polynomial basis functions
up to the second order are the easiest way to include coupling terms in the basis.
To deal with the time dependence of FQI, the relative date ¢/T and 1 — ¢/T are
added as additional coordinates to the d-dimensional stock vector. The size of
this basis grows quadratically in the dimension d, i.e., it has 1 + 2d + d(d — 1)/2
elements for LSM and for FQI d is replaced by d + 2. The results obtained with the
classical polynomials up to degree two were better than with the weighted Laguerre
polynomials for LSM and FQI, so we only present these results in our tables. For
large d the computations of LSM and FQI did not terminate within a reasonable
amount of time (several hours) and therefore were aborted.

7.1.3. No regularization for LSM and FQI. While drastically increasing the number
of hidden nodes without increasing the number of paths or applying penalization
led to overfitting for RLSM and RFQI, this was not observed for LSM and FQI. In
particular, for LSM, Ridge regression (L2-penalisation) was tested without leading
to better results than standard linear regression. Moreover, comparing the results
of FQI, RFQI and DOS for growing dimensions shows that overfitting does not
become a problem when more basis functions are used. Therefore, also for FQI
standard linear regression was used as suggested by [63].

7.1.4. Architecture of neural networks. In order to have a fair comparison in terms
of accuracy and in terms of computation time, we use the same number of hidden
layers and nodes per layer for all the algorithms.

e We observed that one hidden layer was sufficient to have a good accuracy (an
increase of the number of the hidden layers did not lead to better accuracy).
Therefore, NLSM, DOS and all algorithms that we proposed have only one
hidden layer.

e We use 20 nodes for the hidden layer. Importantly, we do not claim that this
choice is optimal for any of the methods. For RFQI the number of nodes is set
to the minimum between 20 and the number of stocks, for stability reasons.

e Leaky ReLU is used for RLSM and RFQI, and tanh is used for the randomized
recurrent neural network RRLSM. For NLSM and DOS, we use the suggested
activation functions, Leaky ReLU for NLSM and ReLU and sigmoid for DOS.

e The parameters (A,b) of the random neural networks of RLSM and RFQI
are sampled using a standard normal distribution with mean 0 and standard
deviation 1. Different hyper-parameters were tested, but they did not have a
big influence on the results so we kept the standard choice.

e For the randomized recurrent neural network of RRLSM, we use a standard de-
viation of 0.0001 for A, and 0.3 for A,. Also here, different hyper-parameters
were tested, and the best performing were chosen and used to present the re-
sults. The same holds for tested path-dependent versions of RFQI; however,
none of the hyper-parameters performed very well as shown below.

e Some of the reference methods suggest to use the payoff as additional input,
while others do not or leave this open. Therefore, we tested using the payoff
as input and not using it for each method in each experiment. We came to
the conclusion that the backward induction algorithms (LSM, DOS, NLSM,
RLSM) usually work slightly better with, while the reinforcement learning al-
gorithms (FQI, RFQI) usually work slightly better without the payoff. Hence,
we show these results.
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e As suggested by the authors, we used batch normalization for the implemen-
tation of DOS.

7.2. The Markovian case — Bermudan option pricing. First, we evaluate
RLSM and RFQI in the standard Markovian setting of Bermudan option pricing
with different stock price models and payoff functions.

7.2.1. Stock models (Black-Scholes and Heston). We test our algorithm on two mul-
tidimensional stochastic models, Black—Scholes and Heston with fixed parameters
and standard discounting factor o = e~"7/N . For each model we sample m = 20, 000
paths on the time interval [0, 1], i.e., with maturity T' = 1, using the Euler-scheme
with N = 10 equidistant dates. As explained in Section 2.6, we use half of the paths
as the training set and the second half to compute the approximated price using
the trained continuation value function (or decision function in the case of DOS).

The Black—Scholes model for a max call option is a widely used example in the
literature [51, 47, 10]. The stochastic differential equation (SDE) describing this
model is

dXt = (T - 5)Xtdt + O'Xtth,

with Xy = o, where (W});>0 is a d-dimensional Brownian motion. If not stated
differently, we choose the rate r = 0%, the dividend rate § = 0%, the volatility
o = 20% and the initial stock price zo € {80, 100, 120}.

To increase the complexity, we also compare the algorithms on the Heston model
[40], which is also used in [47]. The SDE describing this model is

dXt = (7’ - 5)Xtdt + \/EXtdWh

(11)
dvy = —k(Vs — Voo )dt + 0+/v:d By,

with Xo = 2o and v9 = vy, where (W;)i>0 and (By);>o are two d-dimensional
Brownian motions correlated with coefficient p € (—1,1). Here, X is the stock
price, and v is the stochastic variance process. If not stated differently, we choose
the drift » = 0%, the dividend rate § = 0%, the volatility of volatility o = 20%,
the long term variance v, = 0.01, the mean reversion speed x = 2, the correlation
p = —30%, the initial stock price g = 100 and the initial variance vy = 0.01 (in
particular, the Feller condition 2kvs, > 02 is not satisfied, so v; might touch the
value 0 but is reflected immediately). Since the Heston model is Markovian only
if the price and the variance (X, v;) are observed simultaneously, we give both
values as inputs to the algorithms here, and denote this below by “Heston (with
variance)”.

7.2.2. Payoffs (maz call, geometric put, basket call and min put). We test our al-
gorithms on four different types of options. First, we consider the max call op-
tion as it is a classical example used in optimal stopping [47, 10]. The payoff
of a max call option is defined by g(z) = (max(zy,zo,...,24) — K)4+ for any
x=(x1,22,...,24) € R?. Moreover, we consider the geometric put option, used in
[47], with payoff g(z) = (K — (Hfz1 z;)Y/?) . We also test our approach on a basket
call option [37], where the payoff is given by g(z) = (3 Z‘::l z; — K)4, and a min
put option with payoff g(x) = (K —min(z1,z2,...,24))+. For all these payoffs, the
strike K is set to 100, unless stated differently.
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7.2.3. Reference prices. In some cases reference prices can be computed as addi-
tional baselines. All call options where the underlying stocks have a rate r > 0
and dividend § = 0 are optimally executed at maturity. Therefore, the price of
the American option and of the corresponding European option are the same under
these constraints [29]. For all examples where this is the case, we compute the
European option price (EOP) as an approximation of the correct American option
price.

Moreover, as explained in [47], geometric put options on d-dimensional stocks
following Black—Scholes are equivalent to one-dimensional put options on a 1-dimen-
sional stock following Black—Scholes with adjusted parameters. The 1-dimensional
problem can be priced efficiently with the CRR binomial-tree method (B) [21].

With the adjusted parameters 6 = Ld and § = 6 + # the binomial-tree model

is defined with factors for the stock price going up and down ~,, = exp(6+/T/N),

exp((r=8)T/N) —Ydouwn
Yup ~Vdown

step-wise discounting factor exp(—rT/N). The price computed with this method
converges to the correct price under the Black—Scholes model as N — oo [21].
Hence, this method yields good approximations of the correct option price for large
N. Whenever applied, we use N = 10,000 for the binomial-tree method. While
in the first case of call options, the optimal stopping problem has an easy solution,
i.e., to wait until maturity, this is not the case here, where the optimal stopping
problem is more complex.

The remaining options, i.e., call options with § > 0, put options with > 0 and
geometric put option with underlying stocks following a Heston model, also consti-
tute more complex stopping problems, where no efficient methods to compute the
(approximately) correct price are available. Therefore, we evaluate the performance
of the algorithms by comparing the approximated prices directly. Since these prices
are computed on unseen paths for all algorithms, where at each time, the algorithm
can only decide whether to exercise or not, higher prices imply better performance
of the algorithms.

Ydown = i, probabilities to go up and down p = , 1 —pand

7.2.4. Results and discussion. All algorithms are run 10 times in parallel, and the
mean and standard deviation (in parenthesis) of the prices and the median of the
corresponding computation times are reported. In particular, the computation
times do not include the time for generating the stock paths, since the main in-
terest is in the actual time the algorithms need to compute prices, and paths can
be generated offline and stored. In the following discussion, we always compare
computation times for large d, since random machine influences have less impact
there.

In all cases RLSM and RFQI are the fastest algorithms while achieving at least
similar prices to the best performing baselines. Their biggest strengths are high
dimensional problems (d > 500), where this speed-up becomes substantial.

In these high dimensional problems, RLSM performs as good as or outperforms
the baselines in terms of prices, even tough RLSM has much less trainable param-
eters than DOS and NLSM. Moreover, RFQI achieves the highest prices there and
therefore works best, while having considerably less trainable parameters, since only
one neural network (with a random hidden layer) of the respective size is used for
all exercise dates. In particular, RFQI has only 21 trainable parameters, compared
to more than 20dN for DOS and NLSM.
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TABLE 1. Max call option on Black—Scholes for different numbers
of stocks d and varying initial stock price xg.

price duration
‘ d ‘ LSM DOS NLSM RLSM FQI RFQI EOP| LSM DOS NLSM RLSM FQI RFQI EOP
80 | 5.23(0.07)  512(0.12) 519 (0.09) 528 (0.12) 526 (0.10) 520 (0.06)  5.31 (0.05) 11s 95 0s 0s 2% 05 0s
5 100 | 24.95 (0.14) 24.64 (0.21) 24.72 (0.15) 24.91 (0.16) 24.96 (0.17) 25.00 (0.19) 24.97 (0.15) 11s 8s 2s 0s 2s 0s [
120 | 49.73 (0.21) 4945 (0.18)  49.47 (022)  49.62 (0.25) 49.68 (0.22) 49.75 (0.17)  49.77 (0.15) 11s 7s 2 0s 2 05 0s
80 | 9.20(0.07) 919 (0.14)  882(0.15)  9.24 (0.11) 9.25 (0.12) 925 (0.10)  9.27 (0.09) 28s s Is 0s 65 0s  0s
10100 | 34.33 (0.15)  34.03 (0.17)  33.69 (0.20)  34.28 (0.11) 34.25 (0.19)  34.17 (0.11)  34.26 (0.09) 295 Ts 2 0s Ts 0s  0s
120 | 60.94 (0.24)  60.90 (0.20)  60.33 (0.25) 6108 (0.23) 6110 (0.19) 6107 (0.21)  61.20 (0.13) 295 7s 2 0s 65 0s  0s
80 | 2245 (0.11) 2317 (0.10) 2178 (0.34)  22.03 (0.16) 23.51 (0.13) 2342 (0.11)  23.52 (0.09) | 8m39s 8s 2 0s  6m28ss  1s  Os
50 100 | 53.49 (0.10)  53.93 (0.12)  52.15 (0.60)  52.44 (0.21) 54.24 (0.09)  54.23 (0.08)  54.37 (0.09) | Smd2s 8s 3s 0s 6m5Ts ls  0Os
120 | 8431 (0.12) 8472 (0.12)  82.48 (0.79)  82.98 (0.16) 85.03 (0.18)  85.00 (0.20)  85.28 (0.07) | Smdés 95 35 0s Tmds  1s  0s
80 | 24.02 (0.21) 2056 (0.13)  27.08 (047)  28.50 (0.06) 29.59 (0.15) 2088 (0.08)  29.95 (0.08) | 39mdds 135 3s 0s 1h23m39s  1s  Os
100100 | 56.83 (0.18)  61.84 (0.26)  58.99 (0.62)  60.58 (0.10) 62.07 (0.15)  62.32 (0.16)  62.43 (0.08) | 40m42s 135 s 0s  1h23m28s s 0s
120 | 88.05 (0.31) 9426 (0.16)  90.48 (0.89) 9271 (0.08) 9441 (0.17) 94.65 (0.14)  94.99 (0.14) | 40m25s 135 4s 0s 1h2mlss  1s  Os
80 - 4254 (0.16) 3045 (0.61)  43.00 (0.07) - 4415 (0.09) 4434 (0.08) 53 1ls 1s - s Os
500 100 - 78.27(0.16) 7423 (1.03)  78.80 (0.10) 80.21 (0.13)  80.45 (0.08) 535 12s Is - s Os
120 - 113.83 (0.18) 10860 (1.01) 114.54 (0.09) - 116.26 (0.19) 116.48 (0.11) 53 125 1s - s 0s
80 - 47.91(0.08) 4537 (0.91)  49.13 (0.11) - 5014 (0.10)  50.32 (0.07) - lm3ds  20s 2 - s Os
1000 100 - 84.99 (0.19) 8106 (0.56)  86.40 (0.08) 87.70 (0.09)  87.93 (u 08) Im35s  20s 3s - s Os
120 - 12198 (0.11) 118.61 (1.31) 123.68 (0.08) - 125.19 (0.14) 3 (0.09) - 1m36s 19s 2 - s 0s
80 - 53.14(0.13) 5145 (0.82)  55.13 (0.09) - 5603 (0.04) 56.27 (0.07) - 2m5Ts  3ds 55 - 2% 0s
2000 100 - 9143 (0.13) 89.84 (0.67) 93.87 (0.12) 95.00 (0.14)  95.31 (0.06) 3m2s 395 55 -2 0s
120 - 12077 (0.15) 127.14 (1.30) 132.69 (0.15) - 134.09 (0.08) 134.34 (0.10) - 2m5Ts 37s 15 - 2 0s

TABLE 2. Max call option on Heston (with variance) for different
numbers of stocks d.

price duration
‘ d ‘ LSM DOS NLSM RLSM FQI RFQI EOP | LSM  DOS NLSM RLSM FQI RFQI EOP
5 | 834(0.08) 836 (0.07) 822(0.00) 837(0.07) 825(0.03) 833 (0.07) 823 (0.04) 3ls 6s 3s 0s 8 0s  Os
10 | 1181 (0.06) 11.83 (0.07) 1(0.12) 11.83 (0.02) 11.79 (0.06) 11.83 (0.05) 11.79 (0.07) | 1m30s 6s 3s 0s 2 05 Os
50 | 16.85 (0.07) 20.01 (0.06) 1860(J37 1931 (0.05) 20.05 (0.06) 20.09 (0.05) 20.04 (0.04) | 39m37s 8s 4s 0s 1h22md5s Is  0s
100 - 2349 (0.06) 21.75 (0.41) 22.90 (0.02) - 23.69 (0.06) 23.66 (0.04) - 14s 6s 0s - Is  0s
500 - 3131 (0.06) 29.93 (0.32) 31.35 (0.06) 32.14 (0.06) 32.13 (0.07) - iml9s 24 3s - 2% 0s
1000 - 34.23(0.08) 33.79 (0.20) 35.09 (0.06) - 35.82 (0.06) 35.86 (0.04) S 2mB0s  4ls 65 - 4s 0s
2000 - 3518 (0.14) 37.76 (0.23) 38.84 (0.05) 39.63 (0.08) 39.60 (0.05) - 13mlls 1m28s  13s - s 0s

TABLE 3. Basket call options on Black—Scholes for different num-
bers of stocks d.

price duration
d LSM DOS NLSM RLSM FQI RFQI EOP LSM DOS NLSM RLSM FQI RFQI EOP
5 |3.60(0.05) 357 (0.05) 349 (0.06) 3.58 (0.03) 3.61 (0.03) 3.62 (0.06) 3.59 (0.02) 135 s 2s 0s 2 0s  0s
10 | 254 (0.04) 252 (0.03) 245 (0.06) 2.54 (0.04) 2.53 (0.03) 2.53 (0.03) 2.54 (0.01) 30s 65 Is 0s Ts 0s  Os
50 |0.94 (0.01) 1.12(0.01) 0.83(0.03) 1.06 (0.01) 113 (0.01) 1.15 (0.01) 1.14 (0.01) | Sm5ls 8s 1s 0s Tm 3s Is  0s
100 | 0.51 (0.01) 0.78 (0.01) 0.55 (0.01) 0.75 (0.01) 0.80 (0.01) 0.81 (0.01) 0.81 (0.01) | 38m59s 13s 2s Os  1h21m59s 1s 0s
500 - 0.33 (0.01) 0.24 (0.00) 0.34 (0.00) - 0.36 (0.00) 0.36 (0.00) - Im7Ts 7s Is - Is  0s
1000 - 0.22 (0.00) 0.17 (0.00) 0.24 (0.00) - 0.25 (0.00) 0.26 (0.00) - 2m24s 14s 2s - 2s 0s
2000 - 013 (0.00) 0.12 (0.01) 0.17 (0.00) - 0.18 (0.00) 0.18 (0.00) - 5m3ss  25s 7s - 3s 0s

Comparing the achieved prices of LSM and FQI, we can confirm the claim of [49],
that reinforcement learning techniques usually outperform the backward induction
in the Markovian setting. RFQI, achieving similar prices as FQI, therefore naturally
outperforms RLSM, which achieves similar prices as LSM. A possible explanation
for the outperformance of the reinforcement learning algorithm is the following.
The backward induction algorithms have approximately N times the number of
trainable parameters used in the reinforcement learning algorithms, since a differ-
ent network is trained for each discretization date. Moreover, for the backward
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TABLE 4. Geometric put options on Black—Scholes and Heston
(with variance) for different numbers of stocks d. Here, r = 2%
is used as interest rate.

price duration

‘ model d LSM DOS NLSM RLSM FQI RFQI B| LSM DOS NLSM RLSM FQI RFQI B
5 |3.34(0.04) 3.31(0.03) 3.20 (0.06) 3.33 (0.04) 3.31(0.05) 3.35 (0.04) 3.35 (nan) 11s 6 1s 0s 2 0s 3ml2s
10 | 2.37 (0.04) 242 (0.02) 2.33 (0.02) 2.40 (0.04) 2.39 (0.03) 2.40 (0.03) 2.40 (nan) 28 6s 1s 0s 7s 0s 3ml2s
BlackScholes 20 | 1.65 (0.02) 1.71 (0.04) 1.57 (0.04) 1.65 (0.03) 1.73 (0.04) 1.72 (0.02) 171 (nan) | 1m3ls  6s Is 0s 325 Is 3ml2s
50 | 0.91 (0.01) 1.07 (0.02) 0.80 (0.02) 1.03 (0.01) 1.09 (0.02) 1.09 (0.02) 1.09 (nan) | 8m26s  10s 2s 0s Tm24s s 3m3ls
100 | 0.50 (0.01) 0.76 (0.01) 0.54 (0.01) 0.73 (0.01) 0.77 (0.01) 0.77 (0.01) 0.78 (nan) | 38m37s  16s 2s 0s  1h23m50s s 3m3ls
5 | 245 (0.03) 2.44 (0.03) 2.30 (0.06) 2.44 (0.02) 2.44 (0.04) 2.43 (0.03) - 11s 6 1s 0s 25 0s -

10 | 2.00 (0.02) 2.00 (0.02) 1.75 (0.04) 2.00 (0.03) 2.00 (0.02) 2.01 (0.02) 29s 65 2s 0s Ts 0s

Heston 20 | 1.68 (0.02) 1.69 (0.02) 1.21 (0.05) 1.62(0.05) 1.72 (0.02) 1.71 (0.01) Im3ls  7s 2s 0s 32s 1s
50 | 1.33 (0.02) 1.47 (0.01) 0.83 (0.03) 1.24 (0.01) 1.49 (0.01) 1.48 (0.01) Sm3ls  Ts 3s 0s Tm13s 1s -
100 | 0.88 (0.01) 1.39 (0.01) 0.71 (0.02) 1.18 (0.01) 1.41 (0.01) 1.40 (0.01) 41m34s  15s 15 0s 1h24mlls 1s -

TABLE 5. Min put option on Black—Scholes for different numbers
of stocks d and varying initial stock price zo. Here, r = 2% is used
as interest rate.

price duration

d o LSM DOS NLSM RLSM FQI RFQI LSM DOS NLSM RLSM FQI RFQI
80 | 35.49 (0.07) 35.48 (0.06) 35.21 (0.12) 35.46 (0.07) 3 (0.08) 35.54 (0.05) 11s 10s 3s 0s 3s 0s
5100 | 19.98 (0.09) 19.96 (0.09) 19.68 (0.07) 19.96 (0.14) 19.97 (0.10) 19.95 (0.09) 11s 9s 3s 0s 3s 0s
120 | 7.46 (0.10)  7.36 (0.08) 7.25 (0.07) 7.39 (0.10) 7.45 (0.11)  7.38 (0.10) 11s 6s 1s 0s 2 0s

80 | 40.22 (0.05) 40.17 (0.05) 39.91 (0.10) 40.21 (0.07) 40.31 (0.07) 40.30 (0.04) 28s 6s 2 0s 9s 0s
10100 | 25.74 (0.09) 25.74 (0.10) 25.36 (0.12) 76 (0.09) 25.79 (0.10) 83 (0.13) 28s 6s 3s 0Os 6s 0Os
120 [ 11.98 (0.07) 11.92 (0.09) 11.62 (0.14) 11.94 (0.13) 11.96 (0.10) 12.03 (0.07) 28s 55 Is 0s 65 Os

80 | 48.08 (0.05) 48.27 (0.04) 47.03 (0.19) 47.72 (0.03) 48.36 (0.05) 48.34 (0.04) | Sm25s 8s 3s 0s 5m20s 1s

50 100 | 35.57 (0.07) 35.80 (0.08) 34.27 (0.40) 35.11 (0.04) 35.91 (0.07) 35.87 (0.08) | Sm35s 8s 3s 0s  6mbT7s Is
120 | 22.93 (0.08) 23.33 (0.07) 21.40 (0.41) 50 (0.05) 23.41 (0.06) 23.42 (0.10) | Sm28s 8s 2 0s  6mb2s 1s

80 | 49.71 (0.06) 50.93 (0.04) 48.78 (0.26) 50.48 (0.04) 50.93 (0.04) 50.99 (0.03) | 39m57s 13s 3s Os 1h22m58s 1s

100 100 | 37.63 (0.07) 39.11 (0.05) 36.42 (0.80) 38.55 (0.05) 39.11 (0.06) 39.22 (0.04) | 40m12s 125 3s 0s  1h23m26s Is
120 | 25.52 (0.08) 27.31 (0.05) 24.13 (0.52) 26.64 (0.03) 27.28 (0.07) 27.42 (0.05) | 40m40s 12s 3s 0s  1h22m53s 1s

80 - 55.71 (0.03) 5151 (0.46) 55.66 (0.03) - 56.04 (0.03) - 54 13s 1s - 1s

500 100 - 4514 (0.05) 40.06 (1.04) 45.05 (0.02) - 45.51 (0.03) - 53 13s 1s - Is
120 - 53 (0.05) 28.39 (0.75) 34.45 (0.05) - 34.99 (0.02) - 5ds 12s 1s - 1s

80 - 57.40 (0.03) 53.50 (0.64) 57.52 (0.03) ~ 57.84 (0.02) ~ 1m36s  21s 3s B 2%

1000 100 - 47.24 (0.05) 42.35 (0.63) 47.40 (0.05) - 47.76 (0.03) - 1m37s 21s 3s - 2s
120 - 37.04 (0.03) 31.10 (0.87) 37.25 (0.04) - 37.68 (0.03) - 1m3ds 208 3s - 2%

80 - 58.59 (0.04) 55.21 (0.67) 59.21 (0.02) - 59.50 (0.02) - 3mls  30s 6s - 3s

2000 100 - 48.72 (0.04) 44.37 (0.61) 49.49 (0.04) - 49.83 (0.03) - 2m56s  3ls 6s - 3s
120 - 38.84 (0.06) 33.31 (0.73) 39.79 (0.04) ~40.18 (0.04) ~ 3mo0s  3ls 6s - 3s

induction algorithms, a different continuation value function is approximated for
each date; hence, only the data of this date is used to learn the parameters. In
contrast, the reinforcement learning methods train their parameters using the data
of all dates. Hence, the reinforcement learning methods use N times the number of
data to train 1/N times the number of parameters, which seems to lead to better
approximations.

We first give a detailed discussion of results for the easy optimal stopping prob-
lems, where it is optimal to exercise the option at maturity. Although these optimal
stopping problems are less complex, they are still interesting, because a minimal

3Due to memory overflow issues, FQI could only be run with 5 instead of 10 parallel runs for
larger N; so the computation times are smaller then they would otherwise be, due to more CPU
power per run.
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TABLE 6. Max call option on Black—Scholes for different numbers
of stocks d. Here, r = 5% is used as interest rate, and 6 = 10% is
used as dividend rate.

price duration
d LSM DOS NLSM RLSM FQI RFQI LSM  DOS NLSM RLSM FQI RFQI
5 | 18.83(0.17) 18.66 (0.11) 18.62 (0.18) 18.83 (0.12) 18.43 (0.10) 18.83 (0.16) 22s Ts 3s 0Os 2s 0Os
10 | 26.67 (0.14) 26.72 (0.17) 26.35 (0.14) 26.60 (0.12) 26.56 (0.13) 26.77 (0.09) 46s Ts 3s 0Os 8s 0Os
50 | 43.86 (0.10) 44.52 (0.13) 43.27 (0.33) 43.37 (0.11) 44.66 (0.14) 44.78 (0.12) | 10m 5s  10s 4s 0s Tm23s 1s
100 | 46.62 (0.19) 51.71 (0.09) 49.31 (0.56) 50.61 (0.10) 51.79 (0.17) 52.16 (0.09) | 49m27s 15s 5s Os  1h21m26s 1s
500 - 6712 (0.09) 62.82 (0.72) 67.02 (0.08) - 6848 (0.13) - 59s 14s 2 - 2
1000 - 73.37(0.12) 69.25 (0.83) 73.85 (0.10) - 75.31 (0.08) - 1m52s 26s 4s - 2s
2000 - 7817 (0.11) 76.57 (0.83) 80.54 (0.07) - 81.96 (0.16) - 5m26s 4Ts 8s - 3s

TABLE 7. Min put option on Heston (with variance) for different
numbers of stocks d. Here, r = 2% is used as interest rate.

price duration
d LSM DOS NLSM RLSM FQI RFQI LSM DOS NLSM RLSM FQI RFQI
5 12.34 (0.05) 12.31 (0.05) 12.16 (0.11) 12.29 (0.06) 12.35 (0.09) 12.37 (0.09) 30s Gs 3s 0Os 8s 0Os
10 | 16.48 (0.07) 16.52 (0.08) 16.09 (0.13) 16.55 (0.06) 16.64 (0.07) 16.61 (0.08) | 1m3ls Gs 3s 0s 28s 0Os
50 | 22.86 (0.05) 25.56 (0.04) 24.03 (0.42) 24.85 (0.08) 25.72 (0.03) 25.71 (0.07) | 39m57s 9s 4s 0s 1h21m59s 1s
100 - 2913 (0.04) 27.30 (0.46) 28.50 (0.06) - 29.33 (0.07) - 16s Gs 0Os - 1s
500 - 36.26 (0.05) 34.74 (0.31) 36.28 (0.04) - 36.95 (0.05) - 1m2ls 24s 3s - 2s
1000 - 38.62 (0.08) 38.19 (0.20) 39.32 (0.03) - 39.93 (0.05) 3ml8s 45s 6s - 4s
2000 - 39.22 (0.13) 41.05 (0.21) 42.22 (0.04) - 42.81 (0.04) - 12mbls  1m3T7s 13s - 8s

TABLE 8. Max call option on Heston (with variance) for different
numbers of stocks d. Here, r = 5% is used as interest rate, and
d = 10% is used as dividend rate.

price duration
d LSM DOS NLSM RLSM FQI RFQI LSM DOS NLSM RLSM FQI RFQI
5 | 4.83(0.03) 4.89 (0.03) 4.69 (0.05) 4.83 (0.04) 4.37 (0.06)  4.59 (0.08) 31s 5s 3s 0s 8s 0s
10 7.19 (0.06)  7.20 (0.04)  6.90 (0.07)  7.17 (0.04) 6.63 (0.07)  6.84 (0.06) | 1m33s 5s 2s 0s 27s 0s
50 | 11.68 (0.05) 13.99 (0.07) 12.93 (0 28) 13.70 (0.05) 13.72 (0.09) 13.71 (0.04) | 41m 6s 8s 3s 0s 1h22mlds 1s
100 - 17.04 (0.07) 4 (0.29) 16.80 (0.03) - 16.97 (0.05) - 11s 5s 0Os - 1s
500 - 24.05 (0.05) 22.95 (l) 40) 24.35 (0.05) - 24.70 (0.05) - 1ml9s 23s 3s - 2s
1000 - 26.86 (0.05) 26.47 (0.39) 27.71 (0.04) - 28.08 (0.05) - 2m48s 41s 6s - 4s
2000 - 2801 (0.11) 30.12 (0.18) 31.13 (0.05) - 31.55 (0.07) - 12m56s  1m30s 14s - Ts

requirement for the algorithms should be that they perform well in these basic ex-
amples. Moreover, a comparison to the reference price is possible. In Table 1 we
show results of a max call option on Black—Scholes. For high dimensions (d > 500),
RLSM is about 8 times faster than the fastest baseline NLSM and about 30 times
faster than DOS. Moreover, RFQI is about twice as fast as RLSM. For d = 100
we also see the large difference in computation time between LSM (respectively,
FQI), where the number of basis functions grows quadratically in d, and RLSM
(respectively, RFQI), where the number of basis functions does not grow in d. The
computed prices of RLSM are at most 2% smaller than those of LSM, and the prices
of RFQI are at most 1.2% smaller than those of FQI. For d < 100 the maximal rel-
ative errors compared to the reference prices are 19.7% for LSM, 3.5% for DOS,
9.5% for NLSM, 6.4% for RLSM, 1.2% for FQI and 2.2% for RFQI. For d > 500
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TABLE 9. Max call option on Black—Scholes for different numbers
of stocks d and higher numbers of exercise dates V.

price duration
d N LSM DOS NLSM RLSM FQI RFQI EOP LSM  DOS NLSM RLSM FQI RFQI EOP
10 | 3433 (0.15) 34.03 (0.17) 33.69 (0.20) 34.28 (0.11) 34.25 (0.19) 34.17 (0.11) 34.26 (0.09) 295 s 2 0s T 05 Os
1050 | 34.13 (0.12) 34.14 (0.20) 33.96 (0.11) 33.98 (0.08) 34.25 (0.21) 34.15 (0.13) 34.23 (0.11) 2mdds 32 20s 0s 46s 6 Os
100 | 34.15 (0.14)  34.14 (0.26) 33.98 (0.24) 34.05 (0.15) 34.20 (0.16) 33.97 (0.11) 34.28 (0.10) 5mi8s Ilm6s 32 1s 1m27s s 0s
10 | 53.49 (0.10) 53.93 (0.12) 52.15 (0.60) 5244 (0.21) 54.24 (0.09) 54.23 (0.08) 54.37 (0.09) 8md2s 8s 3s 0s  6msTs Is  Os
50 50 | 5282 (0.13) 53.94 (0.18) 53.24 (0.26) 50.85 (0.18) 5431 (0.14) 53.74 (0.08) 54.46 (0.11) |  48m36s 41s 18s Is  2lml5s T 0s
100 | 52.74 (0.11)  54.09 (0.15) 53.61 (0.18) 50.42 (0.17) 54.15 (0.10) 53.77 (0.12) 5433 (0.14) | 1h37m48s 1m36s  37s 2% 4lm8s 165 Os
10 | 56.83 (0.18) 61.84 (0.26) 58.99 (0.62) 60.58 (0.10) 62.07 (0.15) 62.32 (0.16) 62.43 (0.08) | 40md2s 13s 4s 05 1h23m28s 15 Os
100 50 - 6188 (0.06) 60.72 (0.24) 58.68 (0.13) - 6166 (0.14) 62.48 (0.07) Imlss 225 Is - 8Os
100 - 6207 (0.11) 61.19 (0.15) 58.26 (0.16) - 6179 (0.11)  62.46 (0.04) 2m23s  4ds 3s - 15 O0s
10 - 7827 (0.16) 74.23 (1.03) 78.80 (0.10) - 80.21 (0.13) 80.45 (0.08) 53 12s Is - Is  Os
500 50 - 79.14 (0.08) 75.63 (1.0T) T76.68 (0.05) - 79.23 (0.07) 80.44 (0.09) 4m59s  1m s 8s - 9 0s
100 - 79.44 (0.09) 76.46 (0.41) 76.33 (0.05) - 79.34 (0.08) 80.47 (0.10) - 10ml2s 2ml3s  18s - 19 Os

TABLE 10. Max call option on Black—Scholes for different numbers
of stocks d and higher numbers of exercise dates N. Here, r = 5%
is used as interest rate, and § = 10% is used as dividend rate.

price duration
d N LSM DOS NLSM RLSM FQI RFQI LSM  DOS NLSM RLSM FQI* RFQI
10 | 26.67 (0.14) 26.72 (0.17) 26.35 (0.14) 26.60 (0.12) 26.56 (0.13) 26.77 (0.09) 46s Ts 3s 0s 8s 0s
10 50 | 26.65 (0.12) 26.56 (0.20) 26.42 (0.17) 26.61 (0.13) 26.51 (0.07) 26.69 (0.18) 2m21s 44s 53s 2s 44s 4s
100 | 26.68 (0.19) 26.44 (0.14) 26.42 (0.19) 26.59 (0.13) 26.55 (0.14) 26.65 (0.16) |  4md6s 2md6s 1m45s Is  Im2s  8s
10 | 43.86 (0.10) 4452 (0.13) 43.27 (0.33) 43.37 (0.11) 44.66 (0.14) 44.78 (0.12) | 10m5s  10s 4s 0s  7Tm23s s
50 50 |43.42 (0.09) 44.50 (0.08) 44.13 (0.19) 42.26 (0.10) 44.68 (0.15) 44.72 (0.12) | 43m 5s 1mlds 525 35 16m46s 9s
100 | 43.21 (0.14) 44.45 (0.15) 44.30 (0.13) 41.89 (0.31) 44.64 (0.17) 44.60 (0.14) | 1h25m 45 2m Os  1md5s 2% 36ml0s  17s
10 | 46.62 (0.19) 5171 (0.09) 49.31 (0.56) 50.61 (0.10) 51.79 (0.17) 52.16 (0.09) | 49m27s 158 55 0s 1h21m26s  1s
100 50 51.73 (0.10) 50.89 (0.21) 49.36 (0.09) - 5191 (0.12) o 5% 33 1s B 8s
100 -~ 5L72(0.15) 51.27 (0.12) 48.90 (0.08) - 5184 (0.11) o Imdss 465 35 - 19s
10 © 6712 (0.09) 62.82 (0.72) 67.02 (0.08) -~ 68.48 (0.13) o 59 14s 2% B 2%
500 50 -~ 6748 (0.11) 64.75 (0.50) 65.70 (0.07) - 68.03 (0.12) -~ 2m36s  1mds 7s - 10s
100 - 67.50 (0.15) 65.55 (0.34) 65.22 (0.07) - 67.91 (0.10) - 5md8s 1mb52s 16s - 20s

these errors are 5.6% for DOS, 11% for NLSM, 3% for RLSM and 0.4% for RFQI.
The results of Table 2 (max call on Heston with variance) and Table 3 (basket call
on Black—Scholes) are similar, except that relative errors become larger in Table 3
for growing d, since the prices become very small. In Figure 1 we plot the price
and computation time for at-the-money max call options without dividend on the
Heston model when increasing the number of stocks. It is well visible that the com-
putation time of RLSM and RFQI hardly increases, while the prices are similar to
the other algorithms.

In the remaining examples, it is in general not optimal to exercise the options at
maturity, making the stopping decisions harder and therefore more challenging for
the algorithms.

For the geometric put options (Table 4), we do not present dimensions larger
than 100, because prices cannot be computed numerically any more. In the Black—
Scholes case, the maximal relative errors compared to the reference price are 35.7%
for LSM, 2.1% for DOS, 29.9% for NLSM, 6% for RLSM, 1.1% for FQI and 0.5% for
RFQI. Again, the prices computed with RLSM (respectively RFQI) are never much
smaller than those of LSM (FQI); 0.3% (0.1%) for Black—Scholes and 6% (0.6%) for
Heston (with variance). On the Heston model, RFQI, FQI and DOS achieve the
highest prices that never deviate more than 1.5% from each other.
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FIGURE 2. At-the-money max call option with dividend on Black—
Scholes.

For the min put option on Black—Scholes (Table 5), RLSM is about 7 times
faster than NLSM and more than 30 times faster than DOS for high dimensions.
Furthermore, RFQI is again about twice as fast as RLSM. For d < 50 all algorithms
yield very similar prices and for larger d the highest prices are always achieved
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by RFQI, whereby the prices computed with RFQI never deviate more than 1%
from those computed with FQI. Moreover, the prices computed with RLSM are
never more than 1.9% smaller than those computed with LSM. In addition, RLSM
achieves the second highest prices for high dimensions. For the max call option
with dividends on Black—Scholes (Table 6 and Figure 2), the situation is similar.
However, the highest prices are always achieved by RFQI and the prices computed
with RLSM are at most 1.1% smaller than those of LSM. For the min put option
on Heston (with variance) (Table 7) we have similar results as on Black—Scholes,
but the prices computed with RLSM (RFQI) are at most 0.5% (0.2%) smaller than
those computed with LSM (FQI).

For the max call option with dividend on Heston (with variance) (Table 8), RLSM
is about 7 times faster than NLSM and more than 26 times faster then DOS for
high dimensions. RFQI is again about twice as fast as RLSM. For d € {5,10} DOS
yields the highest prices, RLSM deviates at most 1.2% from them and RFQI at
most 6%. FQI yields lower prices than RFQI. For d € {50,100}, DOS, RLSM and
RFQI yield very similar prices, deviating at most 2% from each other. For higher
dimensions of d > 500, RFQI yields the highest prices, and RLSM yields the second
highest prices.

When increasing the number of exercise dates for the max call option on Black—
Scholes from N = 10 to N € {50,100} (Table 9), the Bermudan option price should
become closer to the American option price. The highest prices are achieved either
by RFQI, FQI or DOS, with a maximum deviation of less than 1.4% between their
results and a maximum deviation from the reference prices of 2.7% for DOS and
1.5% for RFQIL. RFQI is more than 30 times faster than DOS for high dimensions.
Increasing the number of dates further, the computation time can become a limiting
factor for DOS, while this is not the case for RFQI. We see similar results for the
more complex max call option on Black—Scholes with dividends (Table 10), where
RFQI always achieves the highest price.

7.2.5. Empirical convergence study. We confirm the theoretical results of Theorem
2.1 (Figure 3 left) and Theorem 3.1 (Figure 3 right) by an empirical convergence
study for a growing number of paths m. For RLSM we also increase the number
of hidden nodes K, while they are fixed for RFQI since d = 5 is used. For each
combination of the number of paths m and the hidden size K, the algorithms are
run 20 times and their mean prices with standard deviations are shown. For small
m, we see that smaller hidden sizes achieve better prices. This is due to overfitting
to the training paths when using larger networks. Regularization techniques like L!-
or L?-penalization could be used to reduce overfitting for larger networks. However,
our results suggest that restricting the hidden size is actually the simplest and best
regularization technique, since it additionally leads to lower training times.

7.3. The non-Markovian case — optimally stopping fractional Brown-
ian motions. In order to compare our algorithms on a problem where the un-
derlying process is non-Markovian, we take the example of the fractional Brow-
nian motion (W );>¢ as in [10]. Unlike classical Brownian motion, the incre-
ments of fractional Brownian motion need not be independent. Fractional Brow-
nian motion is a continuous centered Gaussian process with covariation function
EWHWH) = 2 (|t] + |s]* — |t — s|>) where H € (0,1] is called the Hurst
parameter. When the Hurst parameter H = 0.5, W# is a standard Brownian
motion; when H # 0.5, the increments of (W} )i>0 are correlated (positively if
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H > 0.5, and negatively if H < 0.5) which means that for H # 0.5, (W );>0 is not
Markovian [9, 50, 32, 25, 1].

7.3.1. Stock model, payoffs and baselines. In this section we use a d-dimensional
fractional Brownian motion, with independent coordinates all starting at X, = 0,
as the underlying process X; = W/ . In contrast to the price processes we used
before, this process can become negative. In the one-dimensional case, we use
the identity as “payoff” function g = id as in [10], which can lead to negative
“payoft” values. Moreover, we use the maximum g(z) = max(z1,22,...,24) for
any x = (r1,22,...,24) € R and the mean g(z) = 1/de=1 x; as “payoffs” for
higher dimensions, which can also yield negative values. In particular, this setting
leads to an optimal stopping problem outside of the standard discretized American
option pricing setting. We compare RLSM and RRLSM to DOS and the path
version of DOS (denoted pathDOS for our implementation of it and pathDOS-
paper for results reported from [10]), where the entire path until the current date
is used as input [10]. Moreover, we test RFQI and its recurrent and path versions
in this setting.

For two values of the Hurst parameter, the optimal value can be computed ex-
plicitly. In particular, for H = 0.5 we have a Brownian motion, and therefore the
optimal value is 0 . For H = 1 we have a fully correlated process (i.e., all informa-
tion is known after the first step), where the optimal value is approximately 0.39495
[10].

7.3.2. Results and discussion. For d = 1, we clearly see the outperformance of the
algorithms processing information of the path compared to the ones using only the
current value as input (Figure 4 top left). Moreover, this application highlights
the limitation of reinforcement learning techniques when applied in non-Markovian
settings as discussed in [44]. In particular, RFQI, the randomized RNN version of
it (RRFQI) and its path- version do not work well in this example (Figure 4 top
right). This poor performance was consistent under varying hyper-parameters.
RRLSM achieves very similar results to those reported for pathDOS in [10] with
an MSE of 0.0005 between their reported values and ours, while using only 20K
instead of 4M paths (Figure 4 bottom). RRLSM needs only 1s to be trained, in
contrast to 430s reported in [10]. The longer training times can partly be explained
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perform. Top right: reinforcement learning algorithms do not work
well in non-Markovian cases. Bottom: RRLSM achieves similar re-
sults as reported in [10], while using only 20K paths instead of 4M
for training, which took only 1s instead of the reported 430s.

by the larger amount of paths used. However, our implementation of pathDOS using
the same number of 20 hidden nodes as RRLSM and also being trained on 20K paths
(hence completely comparable to the training of RRLSM) takes approximately 175s
and achieves slightly worse results than RRLSM (Figure 4 top left) with an MSE
of 0.0018. The exact prices displayed in Figure 4 are provided in Appendix C.1.

For higher dimensions, we use the small Hurst parameter H = 0.05 for which
a big difference between the standard and the path dependent algorithms was vis-
ible in the one-dimensional case. RLSM yields very similar prices as DOS, and
RRLSM yields very similar prices as pathDOS. However, RLSM and RRLSM are
considerably faster than DOS and pathDOS (Table 11).

7.4. Non-Markovian stock models. In Section 7.3 we saw that the RL based
algorithms do not perform well on problems which are highly path dependent. In
this section, we consider “intermediate” problems of typical non-Markovian stock
models, where a path dependence exists but where this path dependence is not very
strong.

7.4.1. Heston without variance as input. First, we revisit the Heston model (11),
but this time without feeding the algorithms the variance, which makes it a non-
Markovian problem. For the max call (Table 17), min put (Table 18) and max call
with dividend (Table 19) options on Heston without variance, all the algorithms
yield very similar prices as on Heston with variance (Tables 2, 7 and 8), so we only
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TABLE 11. Identity, maximum and mean on the fractional Brow-
nian motion with H = 0.05 and different numbers of stocks d.

price duration
payoff  d DOS  pathDOS RLSM RRLSM DOS pathDOS RLSM RRLSM
Identity 1 | 0.67 (0.02) 1.24 (0.01) 0.65 (0.01) 1.24 (0.01) [1m15s 3m1s 0s 1s
V7| 196 (001) 215 (0.01) 200 (0.01) 216 (0.01) | 3m8s 2 md6s 45 1s
10 | 2.34 (0.01) 2.43 (0.01) 2.40 (0.01) 2.43 (0.02) | 3m49s 37m46s ds %
Mean 0.29 (0.01) 0.53 (0.00) 0.28 (0.01) 0.52(0.01) | 3m40s 21 m8s 3s 1s
10 | 0.20 (0.01) 0.36 (0.00) 0.21 (0.01) 0.33 (0.01) | 3m39s 36m1s 55 1s

show the tables in Appendix C.2. In particular, this suggests that even though the
Heston model is not Markovian without providing the current variance, this does
not make a difference for option pricing.

7.4.2. Rough Heston. Moreover, we test on the rough Heston model, where the
variance itself is path-dependent. This model recently became a very popular choice
for modeling financial markets [27, 26, 33]. The rough Heston model [27] is defined
as

dXt = (T — 6)Xtdt + \/’(TtXtth,

B t (t _ S)H—1/2 p t (t _ S)H71/2 B

Ut—UO"_\/0 F(H—|—1/2) "i(voo Us) 3+A F(H—I—l/Q) U\/QTS s5
where Xy = zo, and the Hurst parameter H € (0,1/2) and (W});>0 and (By);>0
are two d-dimensional Brownian motions correlated with coefficient p € (—1,1).
We choose the drift » = 5%, the dividend rate § = 10%, the volatility of volatility
o = 20%, the long term variance v,, = 0.01, the mean reversion speed kK = 2,
the correlation p = —30%, the initial stock price zg = 100 and the initial variance
vg = 0.01 and consider a max call option on the stock price X.

As for the Heston model, also for the rough Heston model there is no significant
difference between the computed prices with and without providing the current
variance, so we only show prices where the current variance was also fed to the
algorithms, which is still a non-Markovian setting. For the max call option on
the rough Heston model (with variance) (Table 12), we see that the reinforcement
learning based algorithms FQI and RFQI do not work well for d € {5,10} but
perform better for d € {50,100}. Overall, DOS, pathDOS, RLSM and RRLSM
achieve very similar prices, never deviating more than 2.2% from each other. In

particular, we do not see a better performance of the path dependent algorithms
pathDOS and RRLSM compared to DOS and RLSM.

7.5. Computation of upper bounds. While this work’s focus lies on the lower
bound approximations, we conduct a small experiment to show that also the upper
bound computation works efficiently with our method. In Table 13 we show mean
and standard deviation (over 10 independent runs) of the upper bound approxima-
tions for the price of an American option computed with RLSM. Additionally, we
show the lower bound and the midpoint (computed as the average of the lower and
upper bound). As expected, the upper bound approximations are a bit larger than
the lower bound approximations. The same method can also be used to computed



OPTIMAL STOPPING VIA RANDOMIZED NNS 55

TABLE 12. Max call option on Rough—Heston for different numbers
of stocks d. The interest rate is r = 5%, and the dividend rate is

§ = 10%.
price duration
d LSM DOS  pathDOS NLSM RLSM  RRLSM FQI RFQI| LSM DOS pathDOS NLSM RLSM RRLSM FQI RFQI
5 | 6.58(0.05) 6.56 (0.05) 6.6 (0.06) 639 (0.06) 6.50 (0.04) 6.46 (0.04) 6.10 (0.08) 6.3 (0.16) 0s s 11s 35 0s 0s 155 Os
10 | 9.41(0.04) 9046 (0.04) 928 (0.05) 9.27 (0.11)  9.48 (0.04) 937 (0.05) 9.19 (0.09)  9.02 (1.18) Is  7s 135 3s 0s 0s 37 0s
50 | 13.90 (0.07) 16.69 (0.06) 16.47 (0.06) 15.68 (0.32) 16.35 (0.04) 16.37 (0.03) 16.72 (0.07) 16.75 (0.04) | 18mdls 95 305 4s 0s 0s 1h24m22s s
100 - 19.79 (0.05) 19.51 (0.05) 18.39 (0.35) 19.50 (0.04) 19.49 (0.04) - 19.99 (0.05) 13s 1m16s Gs. 0s 0s - 1s

TABLE 13. Lower, midpoint and upper approximations with
RLSM of the price of a max call option on Black—Scholes for dif-
ferent numbers of stocks d and varying initial stock price zy. The
parameters for the stock model are r = 5%, 6 = 10%, N =9, T =3
and K = 100. We use m = 100,000 paths and 100 neurons for the
hidden layer.

‘ d xz H price lower ‘ price midpoint ‘ price upper ‘
2 90| 7.9772 (0.0512) | 8.0077 (0.0362) | 8.0382 (0.0619)
2100 || 13.7902 (0.0664) | 13.8627 (0.0552) | 13.9353 (0.0566)
2 110 || 21.2070 (0.0757) | 21.2735 (0.0420) | 21.3399 (0.1001)
3 90 || 11.1869 (0.0373) | 11.1937 (0.0466) | 11.2005 (0.0603)
3100 || 18.5698 (0.0803) | 18.6061 (0.0401) | 18.6425 (0.0515)
3 110 || 27.3981 (0.1359) | 27.4284 (0.0757) | 27.4588 (0.0706)
5 90 || 16.4518 (0.0645) | 16.4995 (0.0410) | 16.5473 (0.0479)
5 100 || 25.9604 (0.0856) | 25.9868 (0.0569) | 26.0133 (0.0893)
5 110 || 36.5271 (0.1066) | 36.6024 (0.0610) | 36.6777 (0.1023)

10 90 || 25.9808 (0.0923) | 26.0235 (0.0568) | 26.0662 (0.0805)
10 100 || 38.0031 (0.0759) | 38.0750 (0.0592) | 38.1469 (0.0952)
10 110 || 50.5117 (0.0689) | 50.5668 (0.0567) | 50.6219 (0.0962)
20 90 || 37.4659 (0.0944) | 37.5135 (0.0737) | 37.5611 (0.1440)
20 100 || 51.3532 (0.1073) | 51.3900 (0.0929) | 51.4269 (0.1043)
20 110 || 65.2114 (0.0820) | 65.2774 (0.0451) | 65.3434 (0.0680)

upper bound approximations for RFQI. However, their quality is relatively sensitive
to the number of training iterations and other hyper-parameters; hence, they are
not shown here.

7.6. Computation of Greeks. The Greeks are the sensitivities of the option price
to a small change in a given underlying parameter. More precisely, they are partial
derivatives of the option prices with respect to different parameters, such as the
spot price, time, rate and volatility. We provide experiments (and the code), where

we compute the most popular Greeks: delta (%)7 gamma (%2%0)7 theta (%),

rho (%) and vega (%%'0). The straightforward method to compute them is via
the finite difference (FD) method. For theta, rho and vega, the standard forward
finite difference method can be used with our algorithms, but they turn out to be
unstable for NLSM and DOS. Therefore, we use the central finite difference method,

where the exercise boundary is frozen to be the one of the central point, and report
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TABLE 14. Prices and Greeks computed for different strikes K of
a 1-dimensional put option on Black—Scholes. For the binomial (B)
algorithm, the spacing of the FD method is set to ¢ = 107, which
is also used for the other algorithms for delta, theta, rho and vega.
For the regression method, ¢ = 5 and a polynomial basis up to
degree 9 are used.

price delta gamma theta rho vega

K algo FD | regr FD regr. PDE regr.

% B 0.9192 () 0.1982 (1) 0.0389 () 07152 () 6.7085 () 109100 (-)
36 LSM [ 0.9024 (0.0086) 0.9006 (0.0094) | 0.1919 (0.0019) -0.1888 (0.0027) | 0.0368 (0.0004) 0.0381 (0.0009) | -0.6615 (0.0068) | -6.8267 (0.0497) | 10.7107 (0.0918)
36 RLSM || 0.9020 (0.0069) 0.9073 (0.0110) | -0.1940 (0.0019) -0.1947 (0.0026) | 0.0371 (0.0003) 0.0379 (0.0010) | -0.6665 (0.0063) | -6.8241 (0.0639) | 10.7590 (0.0629)
36 FQI || 0.8504 (0.0067) 0.8642 (0.0116) | -0.1777 (0.0016) -0.1770 (0.0015) | 0.0329 (0.0003) 0.0329 (0.0011) | -0.5753 (0.0047) | -7.7168 (0.0676) | 10.3836 (0.0841)
36 RFQI || 0.9005 (0.0087) 0.8766 (0.0138) | -0.1924 (0.0029) -0.1847 (0.0041) | 0.0368 (0.0005) 0.0369 (0.0009) | -0.6612 (0.0105) | -6.8282 (0.0891) | 10.7093 (0.0850)
36 NLSM || 0.8948 (0.0238) 0.8817 (0.0151) | -0.2010 (0.0174) -0.1905 (0.0038) | 0.0368 (0.0013) 0.0380 (0.0006) | -0.6427 (0.0124) | -6.9383 (0.0625) | 10.6464 (0.1207)
36 DOS | 0.9068 (0.0093) 0.9081 (0.0106) | -0.1957 (0.0024) -0.1940 (0.0033) | 0.0359 (0.0013) 0.0378 (0.0012) | -0.6251 (0.0393) | -7.0119 (0.3001) | 10.7249 (0.1419)
40 B 2.3196 (-) —0.4047( ) 0.0611 ( ) —0.8440( ) —]1.2-’105( ) 14.7517 ( )
40 LSM | 2.2016 (0.0107) 22715 (0.0116) | -0.3 U(uuozz) ~0.4049 (0.0033) | 0.0579 (0.0008) 0.0637 (0.0009) | -0.7711 (0.0051) | -11.6289 (0.0573) | 14.6886 (0.0548)
40 RLSM || 2.2897 (0.0095) 2.2970 (0.0135) (0.0052) -0.4076 (0.0039) | 0.0583 (0.0006) 0.0610 (0.0012) | -0.7721 (0.0067) | -11.6357 (0.1092) o)
10 FQI 593 (0.0121)  2.2078 (0.0161) 51(0.0017) 03934 (0.0038) | 0.0541 (0.0003) 0.0655 (0.0013) | -0.7179 (0.0057) | -12.6145 (0.0856) )
10 RFQI || 2.2239 (0.0407) 21252 (0.0374) 3 (0.0140) -0.3654 (0.0123) | 0.0529 (0.0024) 0.0570 (0.0024) | -0.6897 (0.0415) | -12.9713 (0.6541) 31)
40 NLSM || 2.2586 (0.0149) 2.2509 (0.0236) (0.0136) -0.4034 (0.0035) | 0.0565 (0.0013) 0.0620 (0.0012) | -0.7529 (0.0166) | -11.7895 (0.2469) )
10 DOS | 2.2884 (0.0102) 2.2963 (0.0099) (0.0037) -0.4071 (0.0039) | 0.0587 (0.0004) 0.0611 (0.0006) | -0.7727 (0.0055) | -11.5870 (0.1041) 579)
u B 16629 () 0.6654 () 0.0779 () 0.6169 () 118974 () 128541 (-)
44 LSM | 46141 (0.0175) 4.6177 (0.0120) | 0.6476 (0.0037) -0.6693 (0.0051) | 0.0743 (0.0003) 0.0676 (0.0012) | -0.5468 (0.0055) | -12.8537 (0.1337) | 13.1799 (onzq)
44 RLSM || 4.6167 (0.0205) 4.6407 (0.0178) | -0.6541 (0.0067) -0.6699 (0.0036) | 0.0746 (0.0005) 0.0641 (0.0022) | -0.5400 (0.0034) 7 (0.2212) | 13.0670 (0.1566)
44 FQU || 45366 (0.0221) 45476 (0.0137) | -0.5962 (0.0039) -0.6766 (0.0054) | 0.0695 (0.0005) 0.0710 (0.0013) | -0.5216 (0.0066) | -15.2857 (0.1248) | 14.3877 (0.0471)
44 RFQI || 43469 (0.0708) 4.1557 (0.0415) | -0.5463 (0.0073) -0.5791 (0.0059) | 0.0607 (0.0023) 0.0687 (0.0019) | -0.3688 (0.0534) | -19.9917 (1.0327) | 15.6835 (0.1199)
44 NLSM || 45820 (0.0211) 45996 (0.0531) | -0.6553 (0.0150) -0.6713 (0.0048) | 0.0742 (0.0008) 0.0658 (0.0029) | -0.5268 (0.0182) | -13.1123 (0.9381) | 12.9567 (0.5430)
44 DOS || 4.6206 (0.0126) 4.6536 (0.0113) | -0.6580 (0.0046) -0.6695 (0.0042) | 0.0747 (0.0003) 0.0641 (0.0016) 50 (0.0050) | -12.8331 (0.2236) | 13.0304 (0.1205)

results only with this method. For computing delta we use the same method, since
the others are unstable for all algorithms. Moreover, the computation of gamma,
as a second derivative, turns out to be unstable when computed with the second
order finite difference method, even when using the same technique as for delta.
Therefore, we use two alternative ways to circumvent this instability. The first one
(PDE method) is specific to the case of an underlying Black—Scholes model, where
the Black—Scholes PDE

%4‘% 2 8%%0 +7"£U0% —po =0

can be used to express gamma in terms of the price, delta and theta. The second
one (regression method) is the “naive method” suggested in [48, Section 3.1]. It fits
a polynomial regression to option prices achieved when distorting the initial price
xo by a noise term ¢ ~ N(0,e?). Then, the price, delta and gamma can easily
be computed by evaluating the fitted regression and its first and second derivative
(which are easily computed, since polynomial regression is used) at the initial price
xg. The parameter e controls the variance-bias trade-off and has to be chosen by
hand. However, the authors also suggested a 2-step method that reduces variance
and bias, where this parameter is chosen automatically.

For comparability, we compute the Greeks for the same example as in [48]. In
particular, we consider a put option on d = 1 stock following a Black—Scholes
model with initial price zy = 40, strike K € {36,40,44}, rate r = 6%, volatility
o = 20%, N = 10 equidistant dates, maturity 7" = 1 and m = 100,000 paths.
The models are run 10 times, and means and standard deviations are reported in
Table 14. The price, delta and gamma are computed with both the finite difference
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(and PDE) and the regression method. As reference we use the binomial model
with N = 50,000 equidistant dates, for which only the finite difference (and PDE)
method is used. The hidden size was set to 10 to account for the smaller input
dimension, and the payoff was not used as input except for DOS, where it improved
the results considerably. For RLSM the activation function was changed to Softplus,
since this worked best, although all other tested activation functions did also yield
good results. Overall, RLSM and DOS with the regression method achieve the best
results. Furthermore, we highlight, that the time advantage of RLSM and RFQI
also comes into play for the computation of Greeks, when increasing the dimension
d.

For RLSM (with Softplus activation) we additionally show stability plots of the
Greeks with respect to the spot price. In particular we use the same setting as before
of a put option on d = 1 stock following a Black—Scholes model with rate r = 6%,
N = 10 dates and m = 100,000 paths. However, we fix the strike K = 40 and
vary the spot price zg € [20,60]. Moreover, we vary the volatility o € {0.1,0.2,0.3}
and the maturity T € {0.5,1,2}. For each combination, we run the algorithm
5 times and plot the median of the results in Figure 5. Up to small numerical
instabilities, the resulting curves are smooth, as known from theory. We observe
the same qualitative behavior of the Greeks as was shown in [22, Section 5.2 - 5.6].
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FIGURE 5. Median of the price and Greeks computed with RLSM
plotted against the spot price xy for different volatilities o and
maturities 7. The price, delta and gamma are computed with the

regression method with e = 5 and a polynomial basis up to degree
2.

7.7. Discussion of the sensitivity to the randomness in the hidden layers.
We perform a test specifically designed to study the model’s sensitivity to the ran-
domness of the weights in the hidden layers. In our previous tests in this paper, we
performed 10 runs, where a different set of paths and different weights of the hidden
layer were chosen for each run. In order to test the sensitivity to the randomness of
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the weights, we perform an experiment with 10 runs, where only the set of hidden
weights are different for each run, while the paths are the same.

We compare RLSM and NLSM in the setting of a 1-dimensional Black-Scholes
call option with spot zg = 100 and strike K = 100, where we use 100, 000 paths and
10 exercises dates with 20 hidden nodes and either 10, 30 or 50 epochs of training
for NLSM.

In order to have a fair comparison, we do not fix the initial weights of NLSM,
as it would be equivalent to reusing the same random weights for RLSM in each
run, with the possibility of having a good or bad initialization. Hence, similar to
RLSM’s sensitivity to the randomness of the weights in the hidden layer, NLSM
is sensitive to the randomness in the initialization of the weights (of the hidden
layer). In order to reduce this sensitivity in the algorithms, one should always take
the average of several runs with different sets of weights (and paths). This can be
easily done in parallel in order to reduce the computation time. The results of this
sensitivity analysis are given in Table 15. We see that the sensitivity of NLSM to the
randomness of the initialization depends on the number of epochs of the training,
becoming smaller with longer training.

In order to further reduce the sensitivity of RLSM to the randomness of the
hidden layer weights, we propose a variant of it, which we call RLMSreinit. Instead
of using the same random weights for each date, we use different ones, which has
an averaging effect and therefore reduces the variance in multiple runs.

algo ‘ #epochs ‘ price ‘ delta ‘ gamma ‘ theta ‘ rho ‘ vega ‘ duration ‘

NLSM 10 | 8.8961 (0.0356) | 0.5845 (0.0018) | 0.0194 (0.0001) (1.2538) ) | 7.86s

NLSM 30 | 8.9175 (0.0171) | 0.5836 (0.0008) | 0.0194 (0.0001) | -4.8723 (0.0206) | 47.2922 (1.2718) | 39.3781 (0.0640) | 19.53s

NLSM 50 | 8.9178 (0.0160) | 0.5835 (0.0006) | 0.0194 (0.0001) | -4.8780 (0.0166) | 46.6717 (1.6730) | 39.3755 (0.1004) | 35.03s

RLSM 8.9439 (0.0179) | 0.5828 (0.0004) | 0.0195 (0.0001) | -4.8952 (0.0153) | 48.0459 (0.7537) | 39.3425 (0.0951) | 1.37s
( ) ( ( ) ) ( ) ( )

RLSMreinit 8.9425 (0.0081) | 0.5828 (0.0002) | 0.0195 (0.0000) | -4.8887 (0.0078) | 47.7329 (0.3765) | 39.3477 (0.0573 1.52s

-4.8682 (0.0142) | 46.0934 39.4202 (0.0613

TABLE 15. Prices and Greeks for NLSM (with different number of
training epochs), RLSM and RLSMreinit with standard deviations
computed over 10 runs with different initializations on the same
set of paths.

8. Conclusion. Based on a broad study of machine learning based approaches to
approximate the solution of optimal stopping problems, we introduced two simple
and powerful approaches, RLSM and RFQI. As state-of-the-art algorithms, they are
very simple to implement and have convergence guarantees. Moreover, similarly to
the neural network methods, they are easily scalable to high dimensions and there
is no need to choose basis functions by hand. Furthermore, in our empirical study
we saw that RLSM and RFQI are considerably faster than existing algorithms for
high dimensional problems: in particular, up to 2400 and 4800 times faster than
LSM and FQI, respectively, with basis functions of order 2, 5 to 16 times faster
than NLSM and 20 to 66 times faster than DOS.

In our Markovian experiments, RFQI often achieves the best results or, if not,
usually is very close to the best performing baseline method under consideration, re-
confirming that reinforcement learning methods surpass backward induction meth-
ods.
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In our non-Markovian experiments on fractional Brownian motion, our random-
ized recurrent neural network algorithm RRLSM achieves similar results as the path
version of DOS, while requiring less training data and being much faster. However,
this example also brought up the limitations of reinforcement learning based ap-
proaches, in particular of RFQI, which do not work well in those non-Markovian
experiments.

In our non-Markovian experiments on rough Heston, we concluded that there
is no need of using a recurrent neural network, since RLSM has similar results as
RRLSM. This is also the case with DOS and pathDOS.

Overall, the speed of our algorithms is very promising for applications in high di-
mensions and with many discretization times, where existing methods might become
impractical and where our methods show very reliable performance. To summarize,
we suggest to use RFQI for Markovian problems, especially in high-dimensional
settings; RLSM for low-dimensional settings or when computing Greeks and upper
bounds; RLSM for non-Markovian processes which do not have a strong path-
dependence, such as the stock price of rough Heston; and finally, RRLSM for non-
Markovian processes which have a strong path-dependence like fractional Brownian
motion.

Appendix A. Convergence of the randomized least squares Monte Carlo
(RLSM). We first introduce some technical notation that will be helpful for the
proofs. Then, we describe the steps from the theoretical idea of RLSM to its im-
plementable version that was presented in Section 2.7. These descriptions and
proofs are based on [64, 20], and in particular, our theoretical results are a di-
rect consequence of these works and the universal approximation theorem of [71].
Nevertheless, we give a detailed description here for completeness.

A.1. Definitions. We assume having a sequence of infinitely many random basis
functions ¢ = (¢ )k>1, where each ¢y is of the form

or:RY 5 R,z — or(z) = U(ozgx + Br),

with o a bounded activation function, oy, € R? and 3, € R. The parameters oy
and [y have independent and identically distributed (i.i.d.) entries with a standard
Gaussian distribution, hence the name random basis functions. With (Q,]} , ]f”) we
denote the probability space on which the random weights are defined. For each
K € N we define the operator ®x acting on 6 = (0y,...,0k) € RE by

K
(Px0)(x) = 0" () = Ordn().
k=1

In particular, ®x is the operator producing a linear combination of the first K
random basis functions. We assume having a Markovian, discrete time stochastic
process X = (X, ..., Xx) defined on a filtered probability space (2, F, (F,)N_,, P).
In particular, each X, is an F,,-measurable random variable. We assume that there
exists an absolutely continuous measure Q < P, the pricing measure, and that the
distribution of X,, under Q is m,. For expectations with respect to these random

variables under Q, we write E[-]. For 0 <n < N we use the norm

1FI2, =Bl (X)) = / (@) Bdma (),
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where | - |2 is the Euclidean norm, and f is a measurable function. We introduce
the operators E,, and ITX defined by

(Bnd)(z) = E[J(Xp11)|Xn = 2],
(I3 J) = argminl.J — @50,

for J € L*(w,). With E, we denote the one-sample approximation of E,, i.e.,
(EnJ)(X,) = J(Xpy1), which is better understood in terms of a realization of
z = (20,...,2zn) of X as (EnJ)(zn) = J(n41). Moreover, ITX is the Monte Carlo

approximation of ITX | i ™ are ii.d. samples of m,, then (ITX.J) =

K oje., if ab,... 2"
arg ming,.g — > (J(zh) — (@Kﬂ)(x;))z. In the following, we write IT,, and II,,
whenever K is fixed.

The payoff at any exercise time n is given by g(X,,), and we assume that they

are square integrable, i.e., ||g(Xy,)||x, < oo.

A.2. Theoretical description of RLSM. We first introduce the ezact algorithm
to compute the continuation value and then give definitions of the 2-step approx-
imation of this exact algorithm. The first step is to introduce projections on the
subspace of functions spanned by ® g, while assuming that (conditional) expecta-
tions can be computed exactly. We call this the idealized algorithm. We remark that
also the projection itself is based on minimizing an expectation. The second step
is to introduce Monte Carlo and one-sample approximations of the projections and
(conditional) expectations using m sample paths. This we call the implementable
algorithm, since it can actually be implemented. Our goal is then to show that the
price computed with those two approximation steps converges to the true price,
when K and m increase to infinity.

A.2.1. Ezact algorithm. The continuation value is the expected discounted payoff
at the current time conditioned on a decision not to exercise the option now. The
exact algorithmic definition of the continuation value is defined backward step-wise
as in [64] as

Qn-1 =oaFN_1g9,
(12)
Qn =akb, max(g, Qn-i—l)'

A.2.2. Idealized algorithm. Our idealized algorithm to compute the continuation
value, written similar as in [64], is defined for fixed K as

Q%—l = aEN*l-P]{]{7
. (13)
fo = ozEnP,ﬁ_l,
where
PE =g,
Py = 9lg>anxp, px, + aEnPrﬁ-llg<aHffEnPf+l'

In particular, PX can be interpreted as the choice of the algorithm, at time step n,
to either execute and take the payoff or to continue with the expected discounted
future payoff. We drop the superscript K whenever it is clear from the context
which K is meant. We see from this equation, that the difference from the idealized
algorithm in [64, described in (1) and before Theorem 1] is that we use the Q11
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instead of its linear approximation with the random basis functions HnQnH, if we
decide to continue. However, the decision to continue or to stop is still based on the
approximation Hn()n“, as it is also the case in the idealized algorithm [64]. If the
linear approximation is exact, both algorithms produce the same output, but if it
is not exact, our algorithm uses a better approximation of the continuation value.

A.2.3. Implementable algorithm. Finally, we define our implementable algorithm to
compute the continuation value, which is an approx1matlon of the idealized algo-
rithm using the approximations E,, and HK

Q%—l = aEN*l-ijj(v
e (19
" =ak, P,
where
PE =y,
K .
Pn T gngafIffE,,,Pf 1 + OZE P -"-1]‘g<ozl—IKE,,P"Jrl

Also here, we drop the superscript K whenever it is clear from the context which
K is meant.

A.3. Preliminary results. The following result is similar to [71, Theorem 3] and
states, that the error of the approximation of any integrable function by randomized
neural networks converges P-a.s. to 0 as the number of hidden nodes goes to infinity,
where P is the probability measure associated with the random weights. While [71,
Theorem 3] shows universal approximation in LP-norm with respect to the Lebesgue
integral on a compact subset, we show it with respect to a probability measure on
the entire space. We note that our result also holds when replacing the probability
measure with a finite measure. In particular, our result implies the result of [71], by
using the finite measure that coincides with the Lebesgue measure on the respective
compact set and vanishes outside. For completeness, we give an independent proof
of our result here.

Theorem A.1. Let 0 < n < N —1 and J be a square integrable function, i.e.
|| %, < oco. Then,

ITE T = J|, =255 0.
K—oo

Lemma A.2. Let X)) be normed spaces and p be a probability measure on X
with its Borel o-Algebra. Let J : X x Y — R be a bounded function such that for
each C > 0 and each x € X with ||z|| < C the function y — J(x,y) is Lipschitz
continuous with Lipschitz constant Lo (depending only on C but not on x). Then,
for any e > 0 and y € Y, there exists an open neighborhood O(y,e) C Y such that
y € O(y, €), and for every § € O(y, €) we have

/ (a,y) — I 9)Pdp() < ¢
X

Proof. Since J is bounded, there exists M such that |J| < M. Since p is finite,

there exists some C' such that u({z € X|||z|| > C}) < g5z Hence, for any § € Y

/ T(@.y) — I DL jayzc dulz) < /X (@M1, s0 du(e) < /2.
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Let us choose O(y,¢) .= B (y, /2520) , the open ball with radius /ﬁ and center
y. Then, for any x with ||z|| < C' and § € O(y,¢€), we have |J(z,y) — J(z,7)] <
Lelly — gl < v/€/2. Therefore,

V@) = I P < duta) < [ e/2dute) < /2
X X

Together, this yields the result. O

We first prove the following weaker version of the statement of Theorem A.1.

Lemma A.3. Let 1 < n < M and J be an integrable function, i.e., ||J||x, < oc.
Then,

T T = |, —— 0.
K—o0
Proof. We fix ¢ > 0. We have to show that

lim P[|IXT — J|., >¢] =0.
K—oo

By the universal approximation theorem [41, Theorem 1], there exists a 1-hidden
layer neural network .J with n; hidden neurons such that ||.J —J ||, < e/2. Without
loss of generality, we assume that the bias of the last layer is 0, which can be
established by introducing another hidden neuron which is constant as a function
of its input. We notice that also ®x6 is a 1-layer neural network with K hidden
nodes (and the same activation function as .J), where the weights of the input layer
are i.i.d. sampled of a normal distribution and then fixed, and the weights of the
output layer are 0. Let 0* € R™ be the weights of the output layer of J. For each
of the hidden nodes 1 < v < ny of J , we denote the mapping from the input to
this hidden node by jl'} Let W, be the weights defining jﬁ, and denote by ¥ the
operator mapping the weights to the corresponding neural network layer, such that
UW, = J". We know from [39] that J" is Lipschitz continuous w.r.t. the weights
for a bounded input ||z|| < N. Moreover, since the activation function is bounded,
so is jﬁ . Therefore, by Lemma A.2 there exists an open neighbourhood W, of W,
such that for all W € W, we have

[OW = OW, ||x, < 5igers-

For any non-empty open set, the probability that a standard Gaussian random vari-
able lies in this open set is positive. Let Vi be the weights of the k-th random map
Ok, i.e., ¢, = YV, and note that V} is a vector of i.i.d. standard Gaussian random
variables. Since W, is open, we therefore have that ]f”[Vk € W,] > 0. By indepen-
dence of the weights, we have that with probability 1 each jf is approximated well
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by some ¢, when K — oo. Indeed, let K = ny K, and then we have

PVI<v<n AI<Ek<K:VyeW,]

ZP{Vlgl/gnlﬂ(y—l)f{<k§uf{:Vk6WV}

3

1

@[3(V—1)K<k§uK:Vk€WV}

N
Il
—

3

1

Il
=

—

(1-P[¥w-1EK <k <vk:Vig W)

v

ﬁ (1-Pm g ) 2=,

v=1

where we used in lines 3 and 5 independence of the weights and for the limit that
P[Vi ¢ W,] < 1. We define §* € RE to have the k-th coordinate equal to % if
k = k(v) == argmin,||¢; — J"|x, or 0 otherwise. Here we assume without loss of

generality that all k(v) are different (if they are not, the weights are summed up).
Then, we have

|IIEg —J

mn S N1®50" = T, S N@xE" = Tlm, + 1T = Tl

< ||@wd —J

m T /2,

and therefore

PITET = J|, >e] <P [||<1>Ké* — T, > a/z}

= B[OV — (WW)L, 0, > /2]
Now, we notice that 52 is 0 unless k = k(v) for some 1 < v < n;. Hence,
BT T = Jlx, > e] <P [(¥Vip))ili0 — (YW,)5L,0% 7, > /2]

v v

< B [I(@Vig)its = (OW )iy e, > 557

S P[Hl S 1% S ny . H\I/Vk(u) — \I/W,,Hﬂrn > W}

=1-PVI<v<mI<k<K:VieWw,) £2=0.

For the second inequality we used the Cauchy-Schwarz inequality and that ||6* ||, =
|0*|2. In the last equality we used that k(v) is chosen such that the distance between
UVi) and YW, is minimized. O

Proof of Theorem A.1. By Lemma A.3 we know that ||[TIX.J —.J

P .
=, — 0, which
K—oo

implies that there exists a subsequence (K,)m>1 s.t. [[IIE»J — J||,. % 0.

Let Q@ C Q with P(Q2) = 1 be the set on which this convergence holds and let
w € . Hence, for each € > 0 there exists m. such that for m > m,. we have
|[TTIEm J — J||x, (w) < €. Now, it is enough to remark that the projection can only
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get better when more random basis functions are used, since the space on which it
is projected gets larger, implying that for K < K,

LT = T, (@) 2 T T = T ||, (@)

Therefore, also the original sequence converges at this w, since given € > 0 for all
K > K,,_, we have

Ko,
T3 = T, (@) < ™ T = |, (w) <€
O

Theorem A.1 holds equivalently if neural networks with more than 1 hidden layer
are used. The proof is a straightforward extension of the proof given above.

A.4. Convergence results. The price of the Bermudan approximation of the
American option can be expressed with the exact algorithm as

Up := max (9(Xo), Qo(Xo)) ,

and the price computed with the idealized algorithm is
UL = max (g(XO)7 Q?(Xo))

while the price computed with the implementable algorithm is
1 = 2
ukEm .= Xo), — K Lt .
0 max (9( 0)>mizle0 (.’L‘o,ﬂjl, "TN>

We provide two different convergence results with two different assumptions.
The first result is based on [20] and needs a technical assumption that might not be
satisfied in general. The second result is based on [70] and replaces this assumption
by a stronger integrability assumption on the payoff.

A.4.1. Convergence results based on [20]. Combining the following two results, con-
vergence of U(f( "MK to Uy as K — oo can be established by choosing a suitable
sequence (mg)x>1, under the assumption that ¢g(X,) is square integrable for all
0<n<N\.

Theorem A.4. The idealized price UK converges to the correct price Uy P-a.s. as
K — o0.

Theorem A.5. We assume that Q[ollX E,PE | (X,) = g(X,)] = 0 for all 0 <
n < N — 1. Then, the implementable price U(f(’m converges almost surely to the
idealized price U as m — .

The proofs are a direct consequence of [20].

Proof of Theorems A.j and A.5. The proofs are implied by the results presented in
[20, Section 3]. We only need to establish that their assumption A; is satisfied. The
assumption A, is actually not needed, as explained below.

Assumption A; is that (¢x(X,))k>1 is total in L?(0(X,,)) for every 1 < n <
N — 1, which is used to show that ||[IIXQ,, — Q, |, converges to 0. We replace this
assumption by our Theorem A.1, which therefore yields P-almost sure convergence
in the result.

Assumption As is that for every 1 <n < N and every K > 0, if Zf:o Atk (Xn)
= 0 almost surely, then all Ay, = 0. This assumption is actually only needed for
the projection weights to be uniquely defined, such that they can be expressed by
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the closed-form ordinary least squares formula. Otherwise, if this assumption is not
satisfied, there exist several weight vectors 6, which all define the same projection
® - minimizing the projection objective. By Gram—Schmidt, we can generate an
orthonormal basis (ék)l <k<K(K) of the linear subspace of L? that is spanned by
(¢r)1<k<i, with K(K) < K. By its definition, (&k)lgkgf((K) satisfies assumption
As; therefore, the results of [20, Section 3] can be applied. Finally, we note that
the projections are the same, no matter whether ((l;k)1<k<f< or (dk)1<k<k are used
to describe the space that is spanned. We are interested in the convergence of the
price. Considering the definition (14), we see that the price depends only on the
projection but not on the used weights. Therefore, we can conclude that the same
statements hold with our originally defined random basis functions (¢x)1<k<rx. O

The technical assumption that Q[aIlX E, PX | (X,,) = g(X,)] = 0forall0 <n <
N —1 of the result of [20] that shows up in Theorem A.5 is not always satisfied. In
particular, it is easy to construct examples of finite probability spaces, where this is
not the case. Indeed, consider the easiest possible case of probability space which
is a singleton, with a (deterministic) constant stock price without discounting, and
then QX E, P ,(X,) = g(X,)] = 1. Therefore, in the next section, we provide
a different proof based on the work of [70], which replaces this assumption with a
slightly stronger integrability assumption on the payoff process.

A.4.2. Convergence results based on [70]. After the work of [20], improved theoreti-
cal guarantees to the original least squares Monte Carlo algorithm (LSM) have been
proposed, such as [60, 23, 34]. An important improvement of the convergence results
is done in [67, 68, 69, 70]. In particular, [67] raised the issue that [20] has additional
restrictions on the law of the underlying Markov process such as the assumption
in Theorem A.5 mentioned above. [67] proposed a generalized LSM algorithm and
provides a proof of convergence in probability [67, Theorem 5.1]. In this theorem,
the condition of [20] is not needed, but instead the payoff needs to be bounded al-
most surely [67, Definition 5.1 and 5.2]. [68] provides error estimates (convergence
rates), even when the underlying process and payoff process are not necessarily in
L. Later, [69] provides a convergence result [69, Corollary 5.5] without the as-
sumption in Theorem A.5 of [20], but with a bounded payoff process. However,
this time, almost sure convergence is shown instead of convergence in probability.
Finally, in the last paper [70], the assumption of having a bounded payoff process is
replaced by a condition on its moments [70, Corollary 1]. We use this last result to
prove our second convergence theorem. To state this result we define the truncation
operator 7T for truncation level A > 0 acting on any real-valued function f by

f(=), if[f(z)] <A,
Asign(f(x)), otherwise.

Thf(x) =

Theorem A.6. Assume that there exists some 2 < p < oo such that

M, = X))\
= max lg(Xa)|, < oo
and that all payoffs are non-negative. Moreover, assume that we use the truncated
versions of the payoffs g(X,,) in Algorithm 1 as well as the truncated versions of
the randomized neural networks, with truncation level 1 < X\ < co. Then,
E||gm - U] =220,

K,m—o0
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when choosing \ = m*/®.

The proof is a direct consequence of [70, Corollary 1].

Proof. Let us fix the number of paths m and the number of random basis functions
K. Then, [70, Corollary 1] implies that

s[o=-v

N[

g N2 (mlog (m)+1og%(co))
- Vm

12
8M,A2~P)
+ 4\54—“:1{{1’?}}\[71 ( NI Qn”nn) <p—2 ;

where Cy = C(corv+1)H(CA*)2¥(1+0) ¢y = 2(N41)logy(e(N+1)), C is a numerical
constant with 1 < C < oo, and € > 0 is defined in [70, Equation 13]. Here, v is the
Vapnik-Chervonenkis (VC) dimension of the set of randomized neural networks,
which is finite according to [70, Remark 8]. For each exercise time 1 <n < N —1
the set BX is defined to be the set of all \-truncated randomized neural networks
using the first K random basis functions (i.e., any truncated version of a linear
combination of the basis functions (¢x)1<k<x). In particular,

Brll(’k = {7j\f|f € Spal’l{d)]_, .. 'a¢K}}7

where 7, is the operator truncating a function at A\. Note that for any function f,
we have that

I(Txf = Qu)lga,<atlle, S N(f = Qu)lfn<ryllxn -

Therefore,

inf [[(f = Qu) Q. <ayllm,

feBk

< inf —Qn)l n

< f@pan{%“m}\l(f @n)1{Q. 1<

< inf |f = Qnllx, = ||H’I’]L(Qn - Qnllx, -

féespan{é,....pKx }
Hence, we can now bound the approximation error with truncated randomized

neural networks by

1nf ||f Q|

Tn

Sfelgf (I(f = @u)lgau<ntlle, +1(f = @u)1gqu=aylIxa)

< inf I(F = Qu)lgai<ayllx, + sup ||(f—Qn)1{\Qn|zA}||rrn
feBk feBEk

< IS Qn — Qullr, + 21Qnl(gn >} lrns

where in the last inequality we used that functions in BX* are truncated at A,
implying that they are bounded by |Q,| on the set {|Q,| > A}. Moreover, we
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can choose ¢ = 1/m, replace A = m!/® and simplify all expressions by using one
common constant C' to rewrite

2[Jos™ o

~ log% (m) 1
“%nwiﬂm

K 2-p
+ n:lma)lil—l (”Hn Qn — Qullx, + 2|‘Qn1{|Qn|2ml/8}Hﬂ'n) +me .
Now, it suffices to note that the terms ||[IIXQ,, — Qy ||, converge to 0 as K — oc by
Theorem A.1, the terms [|Qr1{g, |>m1/5} [|x,, converge to 0 as m — oo by dominated
convergence, and the remaining terms trivially converge to 0 as m — co. O

Appendix B. Convergence of the randomized fitted Q-iteration (RFQI).
Similarly as in Appendix A, we first introduce some additional technical notation
needed for the proofs. Then, we describe the steps from the theoretical idea of
RFQI to its implementable version that was presented in Section 3. In contrast to
Appendix A, the algorithms described here are applied simultaneously for all times.
Again, the proof is a direct consequence of [64] and Theorem A.1, but it is given in
detail for completeness.

B.1. Definitions. In Section 6, [64] introduced a reinforcement learning version
of their optimal stopping algorithm, where a stopping function is learned that gen-
eralizes over time. In particular, instead of learning a different function for each
time step, a single function that gets the time as input is learned with an iterative
scheme. In accordance with this, the random basis functions are redefined such that
they also take time as input.

or :RTx {0,...,N —1} = R,

(z,n) — ¢p(z,n) = U(ag(z,n)T + Bk),
with o, € R and B, € R. For 0 <n < N —1 let Pk, be defined similarly to
before as

K
((I)K,ne)(x) = 0T¢(x7 n) = Z 9k¢k($7 n),
k=1

for € RE and z € R%. Moreover, let ®; := (Px,...,Px n_1), such that
(I)ke = (@K,OH, ey (DK,N—19)~

In the following, we consider the product space (L?)N = L?(m) x -+ x L3(7n_1),
which is the space on which the functions for all time steps can be defined concur-
rently. For J = (Jo,...,Jy_1) € (L?)" we define the norm

1 N-—1
Wl = 5 S Inlle,

n=0

where |||, is as defined in Appendix A. Let us define the projection operator IT¥
as

(IT.7) i= arg min[|® 0 — J |,
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for J = (Jo,...,Jy_1) € (L?)N. Finally, we define the operator

Jo aFymax(g, J1)
H: (L3N = (1Y), S [ : . (13)
JIN—2 aEyn_smax(g, JN—_1)
JN_1 aEn_1g

where F,, and g are as defined previously.

B.2. Theoretical description of the algorithm. Based on the definitions in
Appendix A.2, we first introduce the ezxact algorithm and then give the two-step
approximation with the idealized and implementable algorithm.

B.2.1. Ezact algorithm. Let @, be as defined in (12), and then Q := (Qo, ..., Qn—-1)
satisfies @ = HQ by definition. In particular, @ is a fixed point of H. It was
shown in [64, Section 6] that H is a contraction with respect to the norm |||, with
contraction factor «. Hence, the Banach fixed point theorem implies that there
exists a unique fixed point, which therefore has to be @, and that for any starting
element J° € (L2)V, J? converges to Q in (L?)Y as i — oo, where Ji*! = H.J%
This yields a way to find the exact algorithm @ iteratively.

B.2.2. Idealized algorithm. The combined operator II® H is a contraction on the
space IT¥(L2)N, since the projection operator is a non-expansion as outlined in
[64, Section 6]. The idealized algorithm is then defined as the unique fixed point
QK of TI® H, which can again be found by iteratively applying this operator to
an arbitrary starting point. Since any element in II¥(L2?)V is given as ®x6 for
some weight vector § € RX, this iteration can equivalently be given as iteration
on the weight vectors. To do this, let us assume without loss of generality that
(¢r)1<k<k are linearly independent (if not, see the strategy in Proof of Theorem
A.4 and A.5). Then, given some starting weight vector 6%, the iterative application
of I H defines the weight vectors

N-1 -
9?—1 =« (E lz (ZSIK(XM n)(bl:K(Xn’ n)‘|>

n=0

N-1

xE [Z (b;r:K(Xm n) - max (g(Xn+1)7 ((PK,nJrle%()(XTH»l)) )
n=0

where ¢1.5x = (¢1,...,¢x). This closed-form solution is exactly the ordinary least

squares (OLS) formula, and this result was shown in [64, Section 6].

B.2.3. Implementable algorithm. An implementable version of this iteration is de-
fined by the Monte Carlo approximation of the weight vectors. In particular, we
assume that m realizations (@}, ..., 2% )1<j<m of X are sampled and fixed for all
iterations. Then, for 6%, = 0% we iteratively define

—1
m N-—1

HA?; = Z Z ¢IK(£UZL’”)¢1:K($%’”)

j=1n=0
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N-1
oL xc(@hom) - max (g(2) 1), (Paensalic ) (@)
0

m
<2
j=1 n=
which in turn defines Q"% .= &0 . As explained in [64, Section 6], this imple-
mentable 1terat10n can equlvalently be descrlbed as iteratively applying the operator

HK H. Here HK H is identical to II® H, but with the measures m,, replaced by the
empirical measures 7,, arising from the sampled trajectories (:c{),.. x N)1<]<m

o —

Hence, II¥ H is also a contraction, and Banach’s fixed point theorem implies con-
vergence to the unique fixed point
QK,m,i i—00 QK,m _. @Ké}}
— : m

i—00

We note that this also implies that é - 0

B.3. Convergence result. In the following, we show that prices of Bermudan op-
tions computed with the two approximation steps of the exact algorithm converge
to the correct price, as K, m — oo. The prices are defined similarly as in Appen-
dix A.4. Hence, it is enough to show that Q™+ converges to Q¥ as i — oo and
that QK converges to @ as K — oo.

Theorem B.1. Q¥ converges P-a.s. to Q as K — o0, i.e.,
~ P—a.s.
10" = Qllx —0.
K—o0

Proof. First, let us recall [64, Theorem 3], which states that for 0 < x < 1, the
contraction factor of IIX H, we have

=
V1 — k2
Now, since II¥ is a non-expansion, and H a is contraction with factor o, we have
k < a < 1. Therefore, for every K we have

10" = Qllx < 1Q — Qllx- (16)

1
Viea!
Finally, we remark that Theorem A.1 holds equivalently for the norm ||-||, since
the universal approximation theorem can equivalently be applied to the functions
with the combined input (z,n). Hence, the right hand side of (16) converges to 0
P-a.s. as K — oc. O

We recall that the weight vectors 9K m are random variables since they depend
on the m sampled trajectories of X.

Lemma B.2. For any fized i € N we have that 9Km converges to 0% Q-a.s. as
m — 0.

Proof. The proof follows the proof of [64, Theorem 2]. We introduce the interme-
diate weight as

-1
N-1

éé(,m = Z Qb d)l K( )

j=1 n=0
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m N-—1

<30 oL@ - max (9(@d ), (@rniibic ()

7j=1 n=0

Then, it is clear that ékm converges to 0% Q-a.s. as m — oo, by the strong law of

large numbers. Hence, 0;(m) = |§}<m — 0% |2 converges to 0 Q-a.s. Moreover, for
suitably chosen random variables A;(m) that remain bounded as m — oo, we have

T~ Fhcn = Al — 03 o
Therefore, we have by the triangle inequality
|9A}(,m = Ol2 < 8;(m) + Az(m)‘é?;@ — 052

Since (by our choice) we start with the same weight vector é%m = 6%, we can
conclude by induction that

|é7}(,m - ;(|2 M} 0.
m—oo

However, we remark that this proof works only as long as ¢ is fixed, but not in the
limit ¢ — oo, because the inductive steps would lead to an infinite sum. O

Theorem B.3. Let K € N be fized. Then, there exists a random sequence (m;)i>o
such that Q™ converges Q-a.s. to QX as i — oo, i.e.,
IQE™ i — QF||, 2225 0.
1— 00

Proof. Let us define 63 € RX to be the weight vector of the unique fixed point
QK of IXH, ie., QK = ® 0% . From Banach’s fixed point theorem we know that
0% — 0%|2 — 0 as i — oo.

With Lemma B.2 we know that for every i € N there exists Q; C Q with Q(Q;) =
1 such that Q}Qm(w) converges to 0% for all w € Q;. Let Qo = N, be the
set on which this convergence holds for all ¢ € N, and then Q(Qx) = 1. Fix
w € Q. Now, let us choose my = 0; and for every i > 0, m; > m;_1 such that
0% 1, (@) — 0|2 < 1/i. Therefore, we obtain that

i * N i i * 1 i *
0% m,; (W) = Ok l2 < |05y, (W) = Ol + [0 — Ok |2 < h + 0% — O0%l2,
which converges to 0 when ¢ tends to infinity. O

Appendix C. Convergence of the randomized recurrent least squares
Monte Carlo (RRLSM). In this section, we extend the results of Appendix A
to the non-Markovian setting, where we assume that the path up to the current
time is a Markov process. In particular, given a discrete time stochastic process
X = (Xo,...,Xn) as before, we assume that its extension Z = (Zp, ..., Zy) with
Zp = (Xn, Xn_1,...,X0,0,...,0) taking values in RN+*1%4 for all 0 <n < N is a
Markov process. Hence, all results of Appendix A hold similarly up to replacing
X by Z, and they also hold for payoff functions that depend on the entire path of
X up to the current time. In particular, this immediately implies that RLSM with
the path input Z approximates the correct price of the Bermudan option arbitrarily
well as K — oo. Therefore, it is only left to show that an equivalent result to
Theorem A.1 holds for our randomized recurrent neural network (6), which takes
X as input instead of Z but makes use of a latent variable in which information
about the past is stored.
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Fix some 1 < n < N — 1 and let 7, now be the distribution of Z, under
Q. Moreover, let the basis functions ¢” = (¢})r>1 be now given by the n-th
latent variable h, of (6). In particular, we define ¢} as the function mapping
Zn = (TnyTp—1,...,20,0,...,0) to the k-th coordinate of the recursively defined
vector

hn = (T(Amﬂfn + Ahhn—l + b)7 (17)

where h_; = 0. By abuse of notation, for growing k we let the matrices grow
by adding new rows of random elements to b, A, and A; and filling up the new
columns of previous rows of Aj with zeros. Like this, ¢} is well defined for all
k > 1. The operator IIX is defined similarly as before, but with this new set of
basis functions, defined on the set of m,-integrable functions J. Then, we have to
show that the following result is true, so that the assumptions for Theorem A.4 and
A5 are satisfied. The remainder of their proof works as before.

Proposition C.1. If the activation function o is invertible, then for all 0 < n <
N -1,

]}B—a.s.

—00

Before we start with the proof, we remark that standard results for the approxi-
mation of dynamical systems with RNNs [57] and reservoir computing systems [35]
do not apply here, since the dynamical system to approximate Q = (Qo,...,Qn—-1)
is not time-invariant (in the language of [35]).

Proof. First, we note that it is enough to show that for any ¢ > 0 there exists
some size K € N and weight matrices b, A, Ay, such that the corresponding neural
network approximation I17%Q,, satisfies |[TTXQ, — Qn|x, <eforall0 <n < N —1.
Indeed, if this is true, the convergence (18) follows by the same arguments as in
Lemma A.3 and Theorem A.1.

Second, we note that it is enough to show the statement above for any fixed n
separately, i.e., that for each 0 < n < N — 1 and € > 0 there exist K" € N and
weight matrices b", A7, A} such that the corresponding neural network approxi-
mation % Q, satisfies |TTXQ, — Qnllx, < €. Indeed, if this is true, the stronger
statement follows immediately by setting

A0 AY b0
Ag=| |, 4= and b=

A571 AhN—l bel

Hence, let us fix some € > 0 and 0 < n < N — 1 and let us assume that d = 1 for
simplicity of notation, while the extension to d > 1 is immediate. We know from
the universal approximation theorem [41, Theorem 1] that there exists some neural
network f such that ||f — @Qnllz, < €. The difference between the approximation
] % and f is that 1:17}< gets a recurrent input, while f gets the entire path as in-
put. However, since n is fixed and finite, we can simply accumulate the same path
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information in h,, by setting b =0, A, = (1,0,...,0)T € R” and

0 ... 0
1 0 ... 0
Ap = 0o € R™*"™,
O ... 0 1 0
Indeed, with this choice we have h,_1 = (0(2n_1),0(0(Tn_2)), ..., 0™ (x))T ac-

cording to (17). It remains to show that the input z, to f can be replaced by
(Zpn, hp—1). For this, let us define the function

@0 (Tnye e 20,0,...,0) = (T, 0(Tp_1), ..., 0™ (x0)).

Under the assumption that o is invertible, ¢ also is, and there exists a function
Qn such that Q, o p = Q. Since Q,, is integrable with respect to m,, the change
of variables formula implies that @, is integrable with respect to ¢~! o m, and
E(e™"omn) [Qn] = E™[Qn 0 9] = E™[Q,]. Therefore, there exists a neural network
f=pBTca(A-+b) such that

17 o0 = Qullr, = I(f = @n) 0 ¢l
By extending b, Ay, Ay to

b A, Ay, 0
b = ~ b) Aw = ~ b Ah = ~ b
b Al A2:n+1 0
where A = (Al,AQ:n+1), we get
) <ﬁn> (U(/Alxmn + Aphy_q + B))
"\ o(Ap(zn) +b) ’

where 8T h, = f(¢(zn)). Therefore, we can conclude the proof, since the corre-
sponding approximation II satisfies ||II%Qpn — Qullr, < |foo — Qunllx, <e. O

Tn = Hf_ QA’TlHLp*loTrn < €.

Remark C.2. The idea of the proof is to use the recurrent structure only to
recover the path-wise input z, for which the standard feed-forward neural network
approximation results can be used. This is clearly less efficient than using the path-
wise input directly. However, in practice, the recurrent neural network approach
is usually more efficient than the path-wise approach, finding better ways to store
and process the past information than the one given in the proof. This is in line
with our empirical findings.

C.1. Stopping of a fractional Brownian motion — table. The results shown
in the plots of Section 7.3 are given in Table 16.
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C.2. Non-Markovian stock models — additional tables. Additional results

for the non-Markovian setting of a Heston model without the variance as input are
given in Tables 17-19.

TABLE 17. Max call option on Heston for different numbers of

stocks d.
price duration
‘ d ‘ LSM DOS NLSM RLSM FQI RFQI EOP LSM DOS NLSM RLSM FQI RFQI EOP
5 | 834(0.07) 829 (0.09) 8.17(0.06) 8.31(0.07) 8.23(0.04) 8.34 (0.08) 8.23 (0.04) 11s 7s 3s 0s 3s 0s  Os
10 11.83 ((l.1i7) 11.81 (U.(i{)) 11.39 (l).lﬁ) 11.83 (l).(l7) 11.77 (l).(l4) 11.82 (l).(]ﬁ) 11.79 (l).U-’v) 29s 6s 3s 0s 6s 0s 0s
50 | 19.60 (0.07) 20.04 (0.04) 18.14 (0.37) 19.32 (0.05) 20.05 (0.06) 20.08 (0.06) 20.06 (0.03) | 8m50s 7s 3s 0s  6m36s s 0s
100 | 20.51 (0.09) 23.57 (0.07) 21.29 (0.46) 22.87 (0.04) 23.56 (0.07) 23.67 (0.05) 23.67 (0.05) | 40mdds 9s 3s 0s  1h21m35s s 0s
500 - 31.62 (0.06) 28.38 (0.55) 31.33 (0.04) - 32.09 (0.06) 32.14 (0.02) 44s 8s 1s - 1s 0s
1000 - 34.99 (0.08) 33.03 (0.50) 35.06 (0.04) - 35.83 (0.05) 35.84 (0.03) - 1ml6s 158 2 - 15 0s
2000 - 3777 (U.(i'/') 36.77 (0.32) 38.83 (l).(l(i) - 39.64 (l).UT) 39.61 (11.04) - 2mlT7s 258 s - 2s 0s

TABLE 18. Min put option on Heston for different numbers of
stocks d and varying initial stock price xg. Here, r = 2% is used as
interest rate.

price duration
d LSM DOS NLSM RLSM FQI RFQI LSM DOS NLSM RLSM FQI RFQI
5 | 1220 (0.07) 12.26 (0.06) 12.12 (0.08) 12.25 (0.07) 12.38 (0.08) 12.34 (0.07) 12s 6s 3s 0s 2% 0s
10 | 16.55 (0.06) 16.54 (0.10) 16.03 (0.19) 16.50 (0.06) 16.63 (0.09) 16.64 (0.06) 30s 6s 3s 0s 10s Os
50 | 25.24 (0.07) 25.66 (0.07) 23.67 (0.35) 24.87 (0.04) 25.71 (0.07) 25.68 (0.04) | Sm42s 8s 3s 0s  7m3ds 1s
100 | 26.84 (0.09) 29.22 (0.07) 26.47 (0.62) 28.45 (0.03) 29.26 (0.06) 29.32 (0.07) | 42m26s 125 4s 0s 1h24m 4s Is
500 - 36.47 (0.05) 33.80 (0.65) 36.26 (0.05) - 36.93 (0.04) - 56s 13s Is - 1s
1000 - 39.25 (0.04) 37.01 (0.34) 39.33 (0.02) - 39.93 (0.04) - 1m49s 23s 2s - 2s
2000 - 4145 (0.03) 39.92 (0.26) 42.25 (0.05) - 4278 (0.04) - 3msss  43s 58 - 2

TABLE 19. Max call option on Heston for different numbers of
stocks d. Here, r = 5% is used as interest rate, and § = 10% is
used as dividend rate.

price duration
d LSM DOS NLSM RLSM FQI RFQI LSM DOS NLSM RLSM FQI RFQI
5 4.82 (0.03)  4.78 (0.04)  4.68 (0.04)  4.75 (0.04)  4.29 (0.12)  4.57 (0.06) 12s 55 3s 0Os 2s 0Os
10 7.20 (0.06)  7.16 (0.04)  6.92 (0.06) 7.13(0.05) 6.60 (0.14)  6.76 (0.16) 29s 6s 3s 0s 8s Os
50 | 13.48 (0.05) 13.98 (0.03) 12.44 (0.18) 13.69 (0.04) 13.79 (0.03) 13.72 (0.07) | 8m34s 8s 3s 0s Tm Ts 1s
100 | 14.63 (0.07) 17.13 (0.06) 15.19 (0.32) 16.83 (0.04) 16.97 (0.07) 16.99 (0.04) | 39m49s 12s 6s 0s 1h23m 4s 1s
500 - 2431 (0.08) 21.83 (0.63) 24.37 (0.04) - 24.69 (0.05) - 54s 12s 1s - 1s
1000 - 27.42 (0.07) 25.64 (0.55) 27.73 (0.03) - 28.08 (0.06) - 1m39s 23s 2 - 2
2000 - 30.10 (0.08) 29.27 (0.36) 31.09 (0.04) - 31.50 (0.06) - 3m4Ts 43s 5s - 2s
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