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ABSTRACT

This paper proposes a framework that applies reinforcement learning to multi-
stage interval-censored data processing to develop an intelligent decision system
capable of offering personalized behavioral recommendations based on observers’
state and action variables. Interval-censored data is a common form of data
encountered in practical data analysis, where observed results are only known
to lie within certain intervals rather than exact values. This approach not only
adapts to individual heterogeneity but also provides valuable decision support
for personalized treatment. Experimental results demonstrate that this integrated
approach effectively enhances individuals’ longevity, providing a new method
for personalized interventions and recommendations. This research is significant
for the development of intelligent and personalized health management systems,
offering valuable insights for future health sciences and intelligent decision systems.

1 INTRODUCTION

Motivation. With the advancement of medical research and clinical data analysis, interval-censored
data has become an important component of survival analysis. However, existing reinforcement
learning and policy optimization methods have mostly focused on right-censored data, neglecting the
unique characteristics of interval-censored data. Interval-censored data is more complex than right-
censored data because it involves greater uncertainty in the information. In practical medical research,
particularly in cancer treatment and clinical follow-up studies, interval-censored data is commonly
encountered. Effectively handling such data, especially when optimizing treatment strategies, remains
a pressing challenge.

Example 1. In cancer treatment, due to periodic assessments (such as checking the status of cancer
cells every month or every three months), doctors cannot precisely determine the exact time of cancer
progression or transformation. They can only know the state of cancer between two successive
assessments, making the survival time or disease progression time interval-censored rather than
censored at a specific point. This interval-censored data is more complex to handle than right-
censored data, as it involves uncertainty within a time range. It requires the integration of existing
treatment information to optimize decision-making, ultimately aiming to improve patient survival
rates and treatment outcomes more effectively.

Example 2. In clinical follow-up studies on hypertension, patients’ blood pressure is typically
measured once a week or every two weeks. However, the exact moment when a patient’s blood
pressure exceeds a certain threshold (i.e., the “conversion” event) cannot be accurately measured.
Researchers can only know that the blood pressure exceeded the threshold between two measurements,
but the exact moment of the increase remains undetermined. As a result, this conversion event
constitutes interval-censored data.

Challenges. The application of reinforcement learning (RL) to interval-censored data presents several
key challenges. These challenges arise primarily from the inherent complexities of interval-censored
data and the limitations of existing methods designed for right-censored data. Firstly, interval-
censored data introduces uncertainty as the event time is only known to lie within a specific time
interval. This makes it difficult to directly apply RL methods, which typically rely on precise event
times. To address this, we replace instantaneous rewards with the logarithm of the survival function
to better capture this uncertainty. Secondly, individuals may have different observations at various
stages, and some may exit or re-enter the study at different times. Incorporating this individual
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heterogeneity and stage variability into the RL model is crucial for providing personalized treatment
recommendations. Finally, optimizing decision strategies and ensuring that the value functions have
desirable properties is a significant challenge. The value functions must account for the uncertainty
in event times and converge to the true optimal strategy despite the noise in the data.

Proposed Method. This paper proposes an innovative reinforcement learning method to address op-
timal strategy estimation under interval-censored data structures. In contrast to traditional approaches
that rely on instantaneous rewards, which are unavailable due to the nature of interval-censored data,
we replace the instantaneous reward with the logarithm of the survival function. This adaptation
allows the model to better account for the inherent characteristics of censored data. The method is ap-
plied to multi-stage decision problems, providing a robust solution to real-life challenges where such
data issues arise. By leveraging this approach, the model can effectively optimize decision-making
strategies across multiple stages, making it particularly suited for practical scenarios, such as clinical
data analysis or other settings involving interval-censored data.

Contribution. The main contributions of this paper are as follows:

(1) Development of a Reinforcement Learning Framework for Interval-Censored Data. This
paper introduces a novel reinforcement learning approach tailored to handle interval-censored data
structures. By replacing instantaneous rewards with the logarithm of the survival function, the method
accounts for the challenges posed by censored data, which are typically unaddressed in traditional
approaches.

(2) Application to Multi-Stage Decision Problems. The proposed method is extended to multi-stage
decision-making problems, providing a robust framework for optimizing strategies in real-world
scenarios. This allows for dynamic and adaptive decision-making across various stages, making
it highly applicable to fields such as clinical research, personalized healthcare, and other settings
involving censored data.

(3) Practical Impact on Personalized Health Management. The framework’s ability to effectively
model personalized treatment decisions and optimize long-term outcomes is demonstrated, showing
its potential for enhancing personalized interventions in medical settings.

2 RELATED WORK

RL for Censored Survival Data. Reinforcement learning (RL) has already been applied to survival
data analysis, particularly in optimizing treatment strategies. These applications are especially
relevant when dealing with censored survival data, which plays a critical role in personalized
treatment decision-making. For example, |Goldberg & Kosorok! (2012)) developed a Q-learning
method for censored survival data to estimate optimal dynamic treatment regimes, and derived finite
sample risk bounds associated with the generalization error of the estimated regime. |[Zhao et al.
(2015) proposed a doubly robust estimator for expected survival time based on censored data, using
outcome-weighted learning to estimate the optimal treatment regime. [Jiang et al.| (2017a) proposed
two non-parametric estimators for the survival function of patients following a given treatment regime
involving one or more decisions. |Simoneau et al.| (2019) extended the dynamic weighted ordinary
least squares (dAWOLS) approach to the censored data. Zhang et al.| (2022) further extended DWSurv
to estimate optimal DTRs of the censored data with multiple treatment options, which also inherits the
shortcomings of DWSurv. [Cho et al.|(2023) developed a general dynamic treatment regime estimator
for censored data, which allows the failure time to be conditionally independent of censoring and
dependent on the treatment decision times.

Gap in RL for Interval-Censored Data. In the aforementioned literature, the focus is primarily
on methods developed for right-censored data. However, in medical research and survival analysis,
interval-censored data is often encountered, where the exact event time cannot be precisely observed,
and only the time interval in which the event occurs is known [Finkelstein| (1986). For example, in
clinical and medical follow-up studies, the failure time of interest is usually only known to lie between
two examination times or within a certain time interval (Finkelsteinl [1986; Sunl 2006). Compared to
right-censored data, interval-censored data presents a more complex structure. While right-censored
data typically includes some precisely observed failure times, interval-censored data introduces higher
uncertainty in the information. This uncertainty poses significant challenges in identifying optimal
treatment strategies in precision medicine. To the best of our knowledge, the application of RL to
interval-censored data has not been extensively explored, particularly in the context of developing
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individualized treatment strategies. Our research aims to fill this gap by developing a novel RL
approach that can effectively handle interval-censored data. We propose a method that incorporates
the inherent uncertainty in the event times and leverages the strengths of RL to identify optimal
treatment policies. This innovative approach has the potential to significantly advance the field of
personalized medicine by providing more accurate and tailored treatment recommendations.

3 NOTATION AND BACKGROUND

Data Background. Assume that at each stage, the response variable of interest is subject to interval
censoring. Specifically, for the i-th individual (e.g., patient) at the k-th stage, the researchers can only
observe that the event of interest occurs between two monitoring times, U; ;, and V; ;.. More precisely,
at time Uj i, the event has not yet occurred, while at time V; 1, the event is observed to have occurred,
with the condition U; j; < V; .. Due to the inability to conduct continuous real-time monitoring for
each individual across multiple stages, the researchers are unable to pinpoint the exact time of the
event’s occurrence. Instead, they only know that it occurs within the interval (U; , V; x]. The study
involves n individuals (patients), and the research problem is divided into K distinct stages.

Stagel > Siage2 = Stage3 |- Stages Subject1| | || Stagel ) Stage2 | Stage3 | Stage4 Subject 2
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(a) Example 1 of multi-stage interval-censored data  (b) Example 2 of multi-stage interval-censored data
Figure 1: Examples of multi-stage interval-censored data

In particular, we consider situations in which individuals may enter the study at different stages, as well
as situations in which they may leave the study for some reason. Therefore, we define the characteristic
function &; j, = 1 if the individual 7 exists in the stage k in the research experiment, otherwise &; ;. = 0.
Specifically, there may be instances of stage skipping. For example, in cancer research, when the
number of cancer cells does not significantly increase at the original site, but a phenomenon such
as bone metastasis occurs, the patient may progress directly from stage 2 to stage 4. In such cases,
&3 = 0. Moreover, for individuals whose first observation upon entering stage k reveals that the event
has already occurred, the event time is within the interval [0, U], a scenario referred to as left censoring.
This corresponds to the indicator function 61 ; x = 1,02,; 1 = 0, d3 ; x» = 0. When the event time in
stage k falls within the interval (U, V], it is referred to as interval censoring, with the corresponding
indicator values 01 ; 1 = 0,02, = 1,03, = 0. In particular, if a patient exits the study for any
reason (excluding death) during stage k, and the detection at time V" in stage k£ shows that the event
has not yet occurred, the event time is considered to be within the interval (V, oo), which is known as
right censoring. In this case, the indicator function is 01 ; 1 = 0,62; x = 0,93 ;1 = 1. Additionally,
for individuals in stage k with &; j, = 1, it is always the case that §1 ;  + 02,5 & + 63,4,k = 1, ensuring
that each individual’s data at each stage is categorized into one of the three types of censoring: left,
interval, or right censoring.

Multi-Stage Interval-Censored Data. Let’s first briefly review the basic concepts and notation
of reinforcement learning in the context of complete data. Let X ; € X be the time-varying
covariates collected at time point ¢, Ay ; € A denote the action taken at time ¢, and Y, ; stand for
the immediate reward observed. Here, X and A denote the state and action space respectively. We
assume X is a subspace of XP where p is the number of state vectors and A4 is a discrete space
{0,1,...,m— 1} where m denotes the number of actions. Suppose the system satisfies the following
Markov Assumption (MA), Pr(Xo,i4+1/Xo,: = %X, Aot = a,{Xo,;, Ao,j to<j<t) = P(Xo,111|x%, @),
for some transition function P. That is, the above formula is the conditional probability of the next
state given the condition of the current state-action pair.
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Assuming that a total of K stages of study are conducted, then individual trajectories can be ex-
pressed as D = {Xo x, Aok, Uo.k, Vo.ks 01,0 k5 02,0k 03,0,k 0. } 1<, . Note that the dataset D for
the individual includes observations collected over K time points, with actions selected according to
a behavior policy. Define the conditional survival function for failure time Y given covariates (state
and action) as Sy (y|x,a) = P(Y > y|X = ¢, A = a), which is the probability that Y > y given

)

4 EVALUATION FOR INTERVAL-CENSORED DATA

Summary. This section discusses the development of a reinforcement learning framework based
on the MDP assumption for multi-stage interval-censored data, aiming to find the optimal decision
policy. Additionally, to effectively estimate the immediate reward in the context of interval-censored
data, a Sieve-based maximum likelihood estimation method is proposed for constructing the reward
estimates.

4.1 METHODOLOG

We assume that the dataset, D,,, consists of n trajectories, D,, = {Di}?zl, with Dt =

{Xi ks Aites Ui ks Viey 01,15 02,015 03,41, Sk 1y . Each trajectory, D7, is an i.i.d. copy of D de-
scribed in Section 3. Recall that {Am}thl, the actions in D, are selected by the behavior policy, .
In the following, the expectation, [E, without the subscript is with respect to the distribution of the
trajectory, D, under the behavior policy. The transition probability, denoted by P, is defined for any
measurable set B € X as P(B | x,a) = Pr(Xg,41 € B | X0, = x, Ao, = a) where X ; and Aoy
represent the state and action at time ¢, respectively. This transition probability is time-invariant, in
accordance with the Markov assumption (MA). Let p(x’ | x, a) denote the transition density with
respect to a chosen reference measure (e.g., the counting measure when X is discrete).

The Reward in Interval-Censored Data. To evaluate cumulative rewards under a pre-specified
time-invariant Markovian policy m, we need to define an appropriate immediate reward. If the
rewards were precisely observed, these exact values could naturally serve as the reward. However,
due to the interval-censored nature of the data, such precise observations are unavailable. To address
this, we define the immediate reward as the logarithm of the conditional probability Yy, > T},
given Xo , Ao i, i.e., 10g (Sy, , (T Xo,k: Aok)) = —Avq, (Ti|Xo,k, Ao i), where Ay, , denotes
the cumulative hazard function of Yy j, and T}, represents the ideal duration for which an individual
should remain in stage k without transitioning to the next stage. Since the survival function takes
values in the range [0, 1], it is evident that the immediate reward defined above is bounded. The
choice of the logarithmic survival function as the immediate reward is not only a practical substitution
but also offers several advantages. It effectively quantifies the likelihood of achieving a threshold
survival time, aligning with the study’s objective of maximizing survival time. Additionally, the
survival function and its logarithm are widely used in survival analysis, making them mathematically
tractable for policy optimization.

The Action-Value Function in Interval-Censored Data. Using the definition of the
above reward function, the cumulative discounted reward beyond stage ¢ may be written as
— ZkK:t Y* =" Ay, . (T |Xo,k, Ao,i). The goal is to identify an optimal policy that maximizes the
probability of the survival time exceeding a specified threshold. With this definition of immediate
reward, the action-value function (Q-function) Q7 (x, ) under policy 7 (x) for ¢ € X, is expressed
as the expected discounted cumulative reward:

K
—ET Y Ay (T Kok, Ao k)| Ko = @, Aoy = a]
k=t

where 7 is the discount factor. This is the expected cumulative discounted reward if taking treatment
a at state x at stage ¢ and then following 7 () until the end of the study.

The Bellman Equation. Let us denote immediate reward —Ay, , (Tx|Xo,x, Ao,x) = Ri. For
~ < 1, the optimal action-value function is defined as Q*(x, a) = max, Q™ (x, a), and satisfies the
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following recursive relationship:
Q*(x,a) = E {Rt+1 +7 max Q" (Xip1,d") | Xy ==, At—a} ) (D

where « € X, and a € A. The function Q*(x, a) is influenced by the transition probability distribu-
tion, specifically the probability of reaching state c given that (X¢, A;) = (2, a). A policy 7* (), x €
X, is called an optimal dynamic treatment regime if it satisfies Q* (x, a) = Q™ (x, a). For a given
@ € X, he optimal policy can equivalently be determined as 7*(x) = arg max,c 4 Q*(x, a).

Equation is referred to as the Bellman equation for Q*(x, a) (Sutton & Bartol, [1999; Si et al.,
2004). The discount factor v determines the trade-off between immediate and long-term effects
of treatments on the action-value function. When v = 0, the focus is solely on maximizing the
immediate reward, disregarding any impact the action may have on future rewards or outcomes. As
v — 1, greater weight is placed on future rewards.

4.2 ESTIMATION OF THE SURVIVAL FUNCTION

The Maximum Likelihood Function. First, we can solve the survival function estimation of each
stage by maximum likelihood estimation. For this part of processing, we can first construct the
likelihood function corresponding to stage k as follows:

n

Ly =11 {(1 — S(Uip Xk Ai o)) (S (Ui

i=1

(S(Vi| X1, Ai,k’))gi)k(s&i,k} 7

i,k02,4,
X Aie) = S (Vigel Kooy i)

and the logarithmic likelihood function is expressed as Ly:

Z {& k01,61 10g (1 — S(Ui k| Xik, Aik)) + & k02,ik log (S(Ui k| Xk, Aik) — S(Vie| Xk, Aik))
i=1

+&;,103,i,1 10g (S(Vi,k|Xi,k, Azk))} = Z&,k log (S(Yi,Lk|Xi,k, Aik) — S(Yiﬁc‘xi,kyAi,k))’

=1

where Yiﬁc = 01,16 X 0+ 02,5k X Ui+ 03,1 x Vi, and Yif:;i =01,k X Ui + 02,50 X (Vik) +
53,i,k X 0Q.

Bernstein polynomial parameterization. Here we considers the use of Bernstein polynomials
to approximate the baseline cumulative hazard function Ag(-) in survival analysis, as discussed
below by following [Zhou et al.| (2017). The corresponding method for estimating the survival
function is referred to as the sieve method. The sieve method, which approximates the survival
function through successive refinement, is effective for estimating survival functions in most survival
data models. Define the parametric space of ¢ to be © = {9 = (n,Ay) € B ® M}, where
B = {n|n € R?*!||n|| < M} with M is a positive constant and M is the collection of all bounded
and continuous nondecreasing, nonnegative functions over the interval [u, v] with 0 < u < v < 0.
In general, the values of u and v are the minimum and maximum values of the observed data. Also
define the sieve space ©,, = {¥,, = (n,A,) € B® M,,}, where

k=0 0<k<m

with the ¢} ’s being some parameters, M,, = O(n®) for some a > 0 controlling the size of ©,,, and
the Bernstein basis polynomials of degree m = o(n?®) for some s € (0, 1) is

e = () (=5)" (29"

with k = 0, ..., m. Note that due to the nonnegativity and monotonicity features of Ay(-), we need
the constraint 0 < ¢f < ¢7 < ... < ¢7,, but it can be easily attained by the reparameterization

¢ = e and ¢f = 0 €%, 1 <i<m.
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5 THEORETICAL RESULTS

Summary.In this section, we examine the theoretical properties of action-value function estimation in
the context of interval-censored data. We begin by presenting the essential regularization conditions
that form the foundation of our analysis.

Assumption 5.1. For each stage k, there exists a constant > 0 such that Pr(V, — U, > ) = 1.
Additionally, the union of the supports of Uy and V} is contained in the interval [o, 7], where
0<o<T<+00.

Assumption 5.2. The distribution of X has bounded support and is not concentrated on any proper
subspace of X. Also, E{var(X | U)} and E{var(X | V)} are positive definite;

Assumption 5.3. For r = 1 or 2, the function Ay € M is continuously differentiable up to order r
in [, 7], with the first derivative being strictly positive, and satisfies =1 < Ag(0) < Ag(7) < « for
some positive constant c.

Assumption 5.4. The sample trajectories {Di }:.;1 are generated from (possibly n different) Markov
decision processes satisfying

(1) (Markovianity) For any ¢ € {1,...,n} and & € {1,...,K}, it holds that X,
is independent of {#;}o<s<k—1, conditional on (X;x—1,Aix—1), where {#;} denots
{(Xi,s0Ai s, Uis, Viis, 01,06, 020550345, Eis) }-

(2) (Time-Homogeneity) The conditional density Pr (X 11 | X, x, Ai,¢) is the same over k for any
ie{l,...,n}.

(3) (Conditional Mean Independence(CMI)) For any i € {1,...,n}and k € {1,..., K}, it holds
that

E [Rzgk | Xik =@, Ai = a, {HS}OSK;J =E[Rik | Xir ==, Ay = a] = ri(z, a),
where R; ;. = log Sy, . (t | Xi k, Aq k), for some bounded reward function r;(x, a).

Assumptions [5.1}{5.3| are widely adopted in the study of interval-censored data (Huang & Rossini,
1997; [Zhang et al.l 2010) and are generally satisfied in practical scenarios. Assumptions is
commonly seen in the reinforcement learning framework, as demonstrated in the works of (Chen et al.
(2022)); |Shi et al.{(2022). Estimating Sy, , (- | X, Ai) can be challenging because there are at least two
potential treatments at each stage, and Y; ;, can not be observed accurately due to interval censoring.
Here, we can adopt various estimation methods, including but not limited to the traditional Cox
proportional hazards model, accelerated failure time model, and neural network-based approaches.
We summarize the asymptotic normality property of the proposed Q-function based on the estimation
error in the following Theorem.

Theorem 5.5. Under the Assumption we denote Ar, (| Xy, Ax) — Ap, (t| Xk, A) = Ci(Dy)
and Q™ (X¢, ar) — Q™ (X¢, a¢) = OF. If (. (Dy,) are mutually independent and satisfy E[(,(D,)] =0
and E[C}(Dy,)] < +o0, Vk, Dy, then Vr € 11 we have
K
E[67] =0, and Var [67] < 27%_2’5 sup E[¢?(D,)]. )
k
k=t

Remark.This theorem establishes that under the given assumptions, the estimator Q™ (X, @) is
unbiased, with its expected value equal to the true action-value function. Additionally, it quantifies
the variance of the estimator, which depends on the underlying distribution, the optimal policy, and
the discount factor. The results provide insight into the reliability and behavior of the estimator, with
the variance influenced by the temporal dynamics and transition probabilities in the model.

6 A SIMULATION STUDY

In this paper, the data structure observed by the researchers should be
(Ui, Vikey 01,k 02,1 k5 03,5k, &y Xi k), the true response variable Y located between
ysz = 01,4k X0+ 02,56 X Us o+ 93,31 X Vj 1, and Yﬁg =01k X Ui+ 025 % (Vik)+0s:k X0,
where 7 is a sufficiently large constant that we take the value of 10° here. In the simulation study,
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we consider that there are K = 10 stages. For the initial phase (i.e. & = 1), we generate the
two-dimensional covariates X; ; from the standard normal distribution N (0, I5). For each phase,

you can choose an action from 0 or 1. The iterative formula for k = 1,2,...,9, X 141 is as follows:
3(2A; 5 — 1) 0
. — |4 ) . .
X k+1 0 %(2Ai,k —1) Xk + €k,

where ¢; i, is the random error term and its distribution satisfies the multivariate normal distribution
N(0,1/41,).

Cox Proportional Hazards model. Assume that the response variable Y; ; follows the fol-
low Cox Proportional Hazards model A(Y; x|X; x, Aix) = Ao(t) exp(ZIkn), where Z; , =
(X;DWAi,k, AikaIk)T, the corresponding parameter set as = (—2,1,—0.5,4,—2)T, and the
cumulative hazard function set as A (t) = ¢.

Accelerated Failure Time Model. Assume that the response variable Y; j, was generated under the
transformation model

log Yi s, = —(Zym) + €iks 3)
where Z;; = (sz, Ai ks AMXZ,C)T, the corresponding parameter set as 7 =
(-2,1,-0.5,4, —2)T, and the error ¢ j, follows the standard normal distribution.

Episodes

(a) Cox PH Model (b) AFT Model

Figure 2: Average Accuracy of each Stage to Episodes

To simulate the time boundary for each stage, we impose an upper bound of 4 on the generated
Y; 1, meaning the generated Y; j, will be truncated at 4. Subsequently, we generate J; ;, following a
uniform distribution U(0.5, 1.5) and H; j, following a uniform distribution U(3, 4.5 — 0.1k). This
setup is intended to simulate right-censoring caused by an increasing number of people choosing not
to wear the device as the order increases. We then define:

* When Y;JC § JiJfZ 51,i,k =1 and Ui,k = Ji,k~
e When J; , <Y, < Jip +Hip: 02,6 =1and U = Ji g, Vi = Ji k.
s WhenY; > Jip+ Hip: 03,0 =1land U, = Jijp + H; .

We set o = % For DDPG-based neural networks, we use a reinforcement learning agent with a batch
size of 32, a replay buffer of 6400, a learning rate of 0.001, a soft update 7 of 0.01, and a discount
factor -y of 0.99.We use the DDPG algorithm, with the detailed steps provided in Algorithm 1 in the
appendix [A.2] The network is updated at every step and torrents are used to ensure repeatability. We
did 100 episodes in each condition. The results of our analysis are presented as follows:

As shown in Figure [2] it can be observed that the accuracy of the formulated strategies increases
with the number of training iterations. Moreover, the AFT model demonstrates higher accuracy, and
as the sample size increases, the accuracy stabilizes and improves. From Figure[3] we can see that
the rewards obtained also increase with training, corresponding to the improvement in accuracy. In
Figure[6] the change in the right-censoring rate in our simulation is illustrated. It is evident that the
censoring rates under the two models are close to each other. Furthermore, as the number of training
iterations increases and the formulated strategies stabilize, the right-censoring rate also stabilizes.
Additionally, with larger sample sizes, the censoring rate becomes more stable. Next, we will present
the results at different sample sizes in phases.
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(a) Cox PH Model (b) AFT Model

Figure 3: Total Scores of each Stage to Episodes, which demonstrates that our method converges as
the number of training episodes increases.

(a) N =50 (b)y N = 1000 (c) N = 5000

Figure 4: Interval censoring rates of all episodes for each stage under different /V using Aft and Cox
Model

In Figure 4] we can observe that whether using the Cox PH Model or the AFT Model, the interval
censoring rate at each stage tends to stabilize as the sample size increases, and the ratios under the
fitting of the two models are similar. In Figure[7] we can see that regardless of whether the Cox PH
Model or the AFT Model is used, the left censoring rate at each stage tends to stabilize as the sample
size increases, and the ratios under the fitting of the two models are similar. In our simulated scenario,
the initial stage shows a higher interval censoring rate, approximately 65%, which later decreases to
around 40%. As shown in Figure 8]and Figure[9] the accuracy of decision-making tends to stabilize
as the training sample size increases. The accuracy when using the Cox PH Model is consistently
above 75%, and when using the AFT Model, it is consistently above 90%. Moreover, when the
sample size reaches 5000, the accuracy for both models exceeds 95%. This indicates that under this
simulation, the fitting effect of the AFT Model is relatively better, as it more accurately reflects the
relationship between the reward values, allowing for the formulation of correct strategies. Based on
the experimental results, our proposed method demonstrates excellent performance in learning the
specified strategy for both large and small sample sizes, achieving high accuracy. We also provide the
left censoring rate and a comparison of the accuracy of the two methods at each stage in a boxplot in

Appendix[A.4]
7 AN APPLICATION

In this section, we apply the framework proposed in earlier sections to analyze survival time data
from breast cancer patients in the Surveillance, Epidemiology, and End Results (SEER) program,
a widely recognized resource in cancer research (https://seer.cancer.gov). The SEER
program was established as one of the first steps in the War on Cancer declared by President Nixon’s
Administration and began collecting information on January 1, 1973 in some of US states with
other areas added to the SEER database over the years. After the year 2000, the SEER captured
approximately 25% of all cancers diagnosed in the United States each year.

The data considered in the following analysis were submitted in November 2020 and released in
April 2021. The dataset includes information on 95,056 breast cancer patients diagnosed between
2010 and 2015, along with 11 covariates, including sex, year of diagnosis, race, primary site, tumor
size, breast T stage, and others. For the analysis here, we are mainly interested in the survival time of
this stage, the failure time of interest, of the cancer patient, on which only interval-censored data are
available due to the periodic collection nature of the data. In this study, breast cancer was classified
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into stages based on immunohistochemical results. Specifically, the following stages were identified:
Stage 1, HR+/HER2+ (Luminal B); Stage 2, HR+/HER2- (Luminal A); Stage 3, HR-/HER2+ (HER2
enriched); Stage 4, HR-/HER2- (Triple Negative). In addition, the focus of this study is on the action
of radiation. Based on the official documentation, we define X;  as the information of the i-th
individual at the k-th stage, A; ;. as a binary variable indicating treatment (1 for treated, O for not
treated), U; 1, as the left endpoint of the observed event interval, and V; ;. as the right endpoint of the
observed event interval.

We applied the Cox proportional hazards model to estimate the survival function and subsequently
used reinforcement learning methods, including Deep Q-Network (DQN) (Mnih et al.| 2015)), Dis-
crete Conservative Q-Learning (DiscreteCQL) (Kumar et al., 2020), Discrete Batch-Constrained
Q-Learning (DiscreteBCQ) (Fujimoto et al., 2019), and Double Deep Q-Network (DoubleDQN)
Van Hasselt et al.|(2016)), through the d3rlpy library for fitting.

0.001

Table 1: Significant Variables with p-value < 0.005 in Each
Stage

-0.051

-0.101

-0.151

-0.201

0 Variable Stagel  Stage2  Stage3  Stage4

-0.301

Average Q-Value for Participant in Week 1

L | | , | _ : X1 1.53e-29 3.06e-04
T e X0 0 2.04e-29  4.73e-40  1.10e-81

X11 3.61e-26 2.70e-03
Figure 5: Trajectories of the average Q- x» 1.52¢-12 7.37e-06 3.23e-07
value in week 1 over expect time based  x¢ 0 L1le-14 2.24e¢-20 1.11e-33

on different methods.

X1 to X11 represent the following variables: X1 indicates race (e.g., White, Black, Asian, etc.), X2
represents the original ethnicity classification (e.g., Hispanic and Non-Hispanic), X6 refers to tumor
size and external evaluation, and X10 and X11 pertain to clinical features and staging of breast cancer.
According to the results shown in Table[I} X1 is significant in stages 1 and 3, X10 is significant
across all four stages, X11 is significant in stages 1 and 3, X2 is significant in stages 1, 3, and 4,
and X6 is significant in all stages. Overall, X10 and X6 are significant in all stages, suggesting
that their influence is consistent and important throughout the different stages. The significance
of X2, X1, and X11 appears only in certain stages, indicating that their impact may vary across
stages. The specific code can be referenced in our supplementary material. In summary, our method
provides a probabilistic analysis of interval-censored data under reinforcement learning and presents
the significant features at each stage.

8 CONCLUSION

This paper presents a novel reinforcement learning approach for handling multi-stage interval-
censored data. In such data structures, exact reward signals are unavailable, requiring indirect
methods for decision-making optimization. To address this, we define the immediate reward as the
logarithmic survival function, transforming incomplete reward information into a usable form within
survival analysis. Additionally, we replace the traditional survival function with a sieve estimate to
better handle the challenges of interval censoring, improving the model’s robustness and predictive
capability. Building on this, we construct a Q-function tailored to this framework, optimizing
treatment policies and identifying the best strategies across multiple decision stages. Overall, the
proposed method provides a new solution for dealing with uncertainty in interval-censored data,
combining reinforcement learning with survival analysis to enhance decision-making in medical
research. This approach offers promising potential for improving treatment strategies and precision
in clinical decision-making.

However, we are cognizant of the limitations inherent in our study. The model’s effectiveness may be
subject to the specificities of the data and may require further validation across various cancer types
and patient populations. Future work should explore the integration of this system with emerging
technologies such as digital twins to push the boundaries of precision medicine in oncology.
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A APPENDIX

A.1 Two EXAMPLE MODELS FOR SIEVE ESTIMATION

Here, We give two common examples, namely the Cox proportional hazards model and the Acceler-
ated Failure Time model.

1. Cox proportional hazards model

Suppose that the reward at time stage k satisfies the Cox PH model of the current state X 5, and the
current processing Ay x. In this section, we will assume that given X ;, and Ao , Yy, follows the
proportional hazards model or its cumulative hazard function has the form

A(Yo 1| Xo i, Aoi) = Mo(Yo,r) exp(Zg ,m),
where A is the cumulative baseline hazard function, Zg 5 = (Xg, %> A0 ks AO,kXJ, )| asinlJiang
etal.(2017b) and n = (37, 32,85 )".

With the use of the Bernstein polynomials method, the log-likelihood function can be rewritten as

n

Li(n, @) = &xlog (exp (= An(Yih) exp(Zg 4m)) — exp (— An(Yi) exp(Zg 4m))) ,

i=1

where ¢ = (¢, ..., ¢m) . Thus,

-~

(ﬁ? d)) = argmax Ek (777 d))a
n.¢

and =N —~
AWIXs kg, Aik) = Ap(y) eXP(Z(Ikﬁ)-
2. Accelerated Failure Time Model

Suppose that the reward at time stage k satisfies the Accelerated Failure Time (AFT) model of the
current state X 5 and the current processing Ag ;. In this section, we will assume that

log Yo = —(Zg xm) + €0, 4)

where Zo ,, = (X&k,Aoyk,AokaOT’k)T,n = (81 ,52,83)" and eg . vrd f are the error, such
models are also sometimes referred to as log-linear models. The equivalent hazard-based specification
of the AFT model is

A(Yo x| Xo,k, Aok) = AO(eXp(Z(—)r,kn)YO}k) GXP(ZJ,/@W)
where A (+) is the baseline hazard function corresponding to X = 0, Ag 1, = 0, and (8] , 52, 35 )

is the same log(time ratio) vector as in equation /4| (Kalbfleisch & Prentice} [2011).

11
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Similarly, the Bernstain polynomial can be used to parameterize the baseline cumulative hazard
function, and the log-likelihood function £ (7, ¢») can be rewritten as

> ik log (exp (= Aolexp(Zo xm)Yik) exp(Z,m)) — exp ( — Ao(exp(Zo xm)Vilk) exp(Za,m)) )

=1

where ¢ = (¢q, ..., ¢m) . Thus,

-~

(1, ¢) = arg max L (n, p),
n,¢

and
AY|Xi 5, Ai k) = M (exp(Zg ,m)y) exp(Zg ,m).

A.2 ALGORITHM DDPG FOR INTERVAL-CENSORED DATA

Algorithm 1 DDPG for interval-censored Data

1: Randomly initialize action-value network () with parameter 6<.
2: Initialize target network Q' with weights 89" «+ 6.
3: Initialize replay buffer Iz, set soft update weight 7 and learning rate .
4: for episode = 1 to M do
5.  Initialize a random process € for action exploration.
6:  Receive initial observation state {X; 1} ;.
7. fork=1to K do
8: With probability e select a random action A; j.
9: Otherwise select A; , = arg max Q(X k,a;09).
ac
10: Execute action A; j, in emulator and observe U; i, Vi i, 01,5 ks 02,5,k 03,4k, §i ke and X 1.
11: Store transition ()A(;kgm ﬁi,lm‘Z’,kygl,i,lmgQ,i,kag?),z’,kygi,ka)f\(ji,k+1) in R.
12: Sample a random mini-batch of
(X0 Aits Uity Vi, 01,06 02,0,85 03,080 &t Xip41)
from R, with thgvbatcll size set to n.
13: Estimate A(T%|X; ¢, A; ¢) with
{X’L,h Ai,t; Ui,t; ‘/ti,h 51,i,t7 52,i,t7 63,i,t7 gi,t}?:l
using the MLE.
14: Calculate Giﬂg = —A(&tTt ‘ Xi,t7 Aiﬂg) =+ Y max g/ Q/(Xi,t-i-h A/; OQ,)
15: Update 8 by minimizing the loss:
1 i or ~ Q 2
L=- Z (Gi,t —Q(Xi, Air; 0 )) :
"=
16: Update the target networks:
09 + 769 + (1 —71)09".
17:  end for
18: end for

The Deep Deterministic Policy Gradient (DDPG) algorithm is a widely used actor-critic, off-policy
reinforcement learning method, particularly effective in high-dimensional, continuous action spaces
(Lillicrap et al.,|2015)). It combines policy-based and value-based approaches, providing a balanced
framework for optimal policy learning. At its core, DDPG uses two networks: the actor network
selects actions based on the state, while the critic network evaluates actions by estimating the action-
value function. A key feature of DDPG is the replay buffer, which stores past experiences to reduce

12
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the correlation between consecutive samples, improving learning efficiency (Mnih et al.l 2015). The
algorithm refines its policy over time, updating the networks with minibatches from the buffer until
an optimal policy is found.

A.3 PROOF OF THEOREM[3.3]

Lemma A.1. Assume that Assumptions hold. Then the covering number of the class L, =
{log Sy (¥, Dy) : ¥, € ©,,} satisfies

N{e, L, Ly (P,)} < Ky M{mHD = (ptmt)
Sfor some constant K1, where m = o (n”) with v € (0, 1) is the degree of Bernstein polynomials,

M,, = O (n*) with a > 0 controls the size of the sieve space ©,,, and p is the dimension of 3.

Proof of Lemma To investigate the covering number, first note that for any 9, = (8%, A'),
92 = (,6’2, AQ) € O,,, one can easily obtain that under Assumptions ,

[log Sy (8, Dn) —log Sy (97, D) | < K™ (||B" = B[ + [|A" = 47| ),

for some constant K*, where || f||o = sup; |f(t)| for a function f. Denote ¢/ = ( R ,qb{,L)
the Bernstein coefficients corresponding to A7, j = 1, 2. It is easy to show

m m

k=0 k=0
< max | —opf = [|¢' — 7
Combining these results, we obtain
log Sy (9}, Dy) —log Sy (97, Dy)| < K*||B" — 82| + K*||¢" — 9| _
It thus follows that for any ¥, € ©,,
1 — , ,
=" llog Sy (9}, Da) — log Sy (92,D,)| < K*||8 - 89| + K @ — 00| _
i=1

By Lemma 2.5 of [Van de Geer| (2000), one can show that {3 € R?,||8]l2 < M} is covered by
(5M/ (e/ (2K*)))" balls with radius ¢/ (2K*) and {d) € RmtL, > o<k<m k| < Mn} is covered

by (5M,/ (¢/ (2K*)))™"" balls with radius ¢/ (2K*). Therefore, the covering number of £,
satisfies

N{e, Ln, L1 (Pn)} < (

This completes the proof of Lemmal[A.T]

* P * m+1
10K M) . (10K Mn) S KMTSm+1)€_(p+m+l).

€ €

Proof of theorem [5.5|Here we give the proof when 7 is a common policy. Replace 7 with 7* in the
result can get the Theorem [5.5]

Proof. Here we give the proof when 7 € II is a common policy.

Q" (x¢, ar) — Q™ (xt, ar)

K
=EFo™ kait [log S, (Gl Xk, Ay) — log S, (Oéka|kaAk)} ‘Xt =X, Ay = a

=t

K

=EFo-m Z’Vk ¢ [ATk (911X 0k, A) — Az, (98| Xk, Ag) ‘Xt =X, A = ay
=t

13
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We can write g, = oG, for simplicity, and due to the definitions of Xk and fik, the equation holds
in the above expression. With the assumption, we can obtain

Ax, <9k|5(k7/~1k> — A, (gk\Xk,Ak> = Ce(Dn),
where (i, (D,,) is an independent and identically distributed zero-mean process. So we have

Qﬂ(Xt,at) - QW(Xuat) = _tEPO’Tr [Ck(Dn)| Xy =%, Ay = (lt]

-

k

t

- Q)]
Zryk Z H[P’ X ky Qi k|Xz t7a'1t)<k( )
k=t {D,}i=1

where for k < t, P(X; k, a; k|Xit, air) = 1, and for k > ¢,

k
P(Xi,kvai,k‘xi,taai,t) = Z ™ (ai,t|xi,t) H Py (Xi,j | Xi,j—laai,jq)ﬁ (ai,j|xi,j)o
Qi,5,Xi,;5 Jj=t+1

t+1<j<k

Note that [log Sy (9, D,)| is bounded under Assumptions [5.I}5.3] ~ Without loss of
generality, we assume Supycg |logSy (9,D,)] < 1.  Then Pr[logSy (¢,D 2 <
Pr (supyee |log Sy (9,D,)])* < 1. Let a, = n~ /21 (logn)'/2 with v/2 < ¢y < 1/2. Then
{@,} is a nonincreasing sequence of positive numbers. Also for a given € > 0, let €,, = €c,,. Then
for sufficiently large n and any 9 € O,,, we have

(1/n)Pr [log Sy (9,D,)]? 1 1 1

ar (P, log Sy ( )/ (4en)” < 16202 ~ 16e2na?  16e2n2¢1logn — 2

Let P2 denote the signed measure that places mass in__l at each of the observations D, with the
random = signs being decided independently of the D*’s. Then from |Pollard| (1984} p. 31) and

Var (P, log Sy (9,D,)) / (4€,)* < 1/2, the following symmetrization inequality holds

Pr < sup |P,log Sy (¢,D,) — Plog Sy (9,D,,)| > 86n> < 4Pr ( sup ’PS log Sy (ﬁ,Dn)| > Qen) .
9Ye€0,, YeO,

Let® = {D!,--- ,D"}. Given D, choose 9V, ..., "), where k = N {€,/2, Ly, L1 (P,)}, such
that
min
je{l,....,k}

for all ¥ € ©,,. For each ¥ € ©,,, write 9* for the ¥/) at which the minimum is achieved. Note that

(9,Dy,) — log Sy (19(j),Dn>

< €p/2

|P? (log Sy (9, D,,) — log Sy (9%,D,,))| = 1Z:t{log5y (6,D") —log Sy (07, D")}

=1

nt Z [log Sy (¢, Dy,) — log Sy (9", D,,)| = P, |log Sy (¥, D,,) — log Sy (9%, D,,)|.
i=1

Then we have

Pr (sup | P log Sy (9,D,,)| > 2, | @)
€O,

<Pr ( sup {|P7log Sy (9*,D,)| + P, |log Sy (9,D,,) — log Sy (9%, Dy)|} > 2y, | @)

ISIC
(19(1')’ Dn)

<N {en/2, Lo, Ly (P)} max P (| Py 10g Sy (99),D,)
J

<Pr (max
J

> 3e,/2 | ”D)

>3en/2|©).

14
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From the definition of the covering number N {¢,/2, L, L1 (P,)}, for each 9\9), there exists
9 € ©,, such that P, |log Sy (99, D,,) —log Sy (919, Dy,)| < €n/2. Therefore, we obtain

Pr (
<Pr ({Pn

<Pr (‘Pfj log Sy (60),1)”)

P°log Sy (19<j>,2>n)’ > 36,/2 | @)

log Sy (19<j),Dn) —log Sy (190'), Dn)

+ ’P,? log Sy (0<j>,pn)

} > 36,21 D)

>6n|©).

From Hoeffding’s inequality (Pollard, 1984} Appendix B), we have

Pr( > €, |©) :Pr<zn:ilog5y (ﬂ(j),Di)
i=1

POlog Sy («9@), Dn)

> ney, | ”D)

<zexp {_2 (nen)’? /zn: (2 log Sy (19(47‘),1)1‘))2}
i=1

< 2exp (—ne2/2)  (because ‘log Sy (ﬂ(j),Dn)

gl).

Combining the inequalities above together with Lemma[A.T] we obtain

Pr (sup |P,? log Sy (ﬂ,Dn)| > 2¢, | 33) <2N {e,/2,L,, L1 (P,)} exp (—nei/Q)
€O,

§2K1M7(1m+1) (6n/2)—(1’)+m+1) exp (—HG%/Q) .

Note that the right-hand side does not depend on ®, by taking expectations over ©, we have
Pr ( sup |P)log Sy (9,Dy)| > 2€n> < 2K M (e,/2) T oxp (—ne2/2).
9€O,

Also M,, = O (n®) implies that there exists a positive constant C' such that 0 < M,, < Cn® for n
large enough, and m = o (n”) and ¢y > v/2 imply m = o (n?**). Combining these results with the
symmetrization inequality derived above, we obtain

Pr < sup |P,log Sy (9,D,) — Plog Sy (9,D,)| > 86n>
YEO,

< 4Pr ( sup |P,? log Sy (19,Dn,)| > 2€n>
IEO,

< SKM™Y (e,/2)" "+ exp (—ne? /2)

< 8K exp [(m + Dalogn — (p+m+1) {log (en_1/2+¢1 (log n)1/2> —log 2} — ne?n 1129 Jog n/2}
< 8K exp [(p+m—+1){(a+1/2— ¢1)logn — loglogn/2 — loge + log 2} — *n*** log n/2]

< 8K exp (—Kn**" logn)

where K and K are constants. Hence 3200 | Pr (supgce [Py log Sy (9,Dn) — Plog Sy (9,D,)| > 8¢,) <
occ. By the Borel-Cantelli lemma, we have supycg , |P log Sy (9, D,,) — Plog Sy (9,D,)| — 0

almost surely. From the MDP process, we can see that the (i (D,,) between different k’s are also
independent of each other, so we can figure out that

E[Q" (%1 d0) — Q" (xiar)| =0,

VCL’I" [Qw(itvdt) - QW(Xt7at):| = O'(PO,TF,’)/,Xt,at),

15
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where
I3
o(Po,m,y,xe,a0) = 37N w (D) BIGH (Do), ©)
k=t (Dn}
Ny k
w®n) =] D 7laiddxie) [ Poxiy|xijo1,aij-1)7 (aijlxi;)
i=1 @i,5,%Xi,j j=t+1
t+1<j<k

From the form of (6)), we can obtain the following expression:

_ 2 _
K K
o (P, a0) <" | D w(Dn) | supE[G (D)) = 7 sup E[GH(Dn)]-
k=t (D} o=t

What's more, if (;(D,,) follows a normal distribution, then Q7 (X;, a;) — Q™ (x¢, a;) also follows a
normal distribution according to (5) with the mean of zero and variance of o( Py, 7, v, X¢, at). O

A.4 SUPPLEMENTAL EXPERIMENTS
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(a) Cox PH Model (b) AFT Model

Figure 6: Right Censoring Rate of each Stage to Episodes

(¢c) N =1000 (d) N = 5000

Figure 7: Left censoring rates of all episodes for each stage under different IV using Aft and Cox
Model
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Figure 8: Comparison of Boxplot of Accuracy at each stage for different sample sizes using Cox PH
Model
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Figure 9: Comparison of Boxplot of Accuracy at each stage for different sample sizes using AFT
Model

17



	Introduction
	Related Work
	Notation and Background
	Evaluation for Interval-Censored Data
	Methodolog
	Estimation of The Survival Function

	Theoretical Results
	A Simulation Study
	An Application
	Conclusion
	Appendix
	Two Example Models for Sieve Estimation
	Algorithm DDPG for interval-censored Data
	Proof of Theorem 5.5.
	Supplemental Experiments


