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Abstract

This paper aims to develop a comprehensive method for integrating generative flow networks (GFlowNet)
into reinforcement learning (RL) for stochastic control issues. Our primary goal is to use GFlowNet to
mitigate the impact of terminal cost during the initial phases of RL training, a process we term "flow cal-
ibration." Specifically, we concentrate on creating a flow-calibrated soft actor-critic (SAC) algorithm to
address the transition path sampling (TPS) problem, which focuses on sampling rare transitions between
two metastable states. TPS can be framed as a stochastic control problem and is generally challenging
to train with traditional RL techniques in high-dimensional spaces due to the significant influence of
terminal cost. Furthermore, to prevent discretization errors, we propose a continuous-time formulation
of SAC and GFlowNet, grounded in the stochastic optimal control matching and Girsanov theorem. The
central element linking the two models is the quantization strategy, and we also employ principal bundle
theory to further utilize physics informations. Numerical results of generated transition paths for the
Miiller potential and Alanine dipeptide validate the effectiveness of these methods in both data-rich and
data-scarce scenarios.

Keywords stochastic optimal control, reinforcement learning, generative flow network, transition path
sampling, rare event sampling

1 Introduction

Rare event sampling constitutes a multidisciplinary field with applications spanning finance [14], molecular
dynamics[31] , and beyond. These rare events often arise due to the metastable behavior exhibited by the
dynamical systems of interest. Metastability implies that the system remains confined to specific closed
regions of its state space for extended periods, rarely making transitions to other closed regions. Precise
sampling of these rare events necessitates a deep understanding of this transition behavior.

Remarkably, the average waiting time for a rare event significantly exceeds the intrinsic timescale of the
underlying process. This phenomenon commonly manifests itself in dynamical systems governed by Langevin
dynamics and navigating potentials with multiple minima. In such scenarios, the metastable closed regions
align with local minima in the potential landscape. These minima are separated by energy barriers, and
the transitions between them carry crucial information such as the macroscopic properties of the studied
molecules. Furthermore, empirical evidence confirms that the time required to overcome these barriers scales
exponentially with their height [4]. From a sampling perspective, the variance of Monte Carlo estimators
associated with these rare transitions tends to be very high.

Many efforts have been devoted to the two issues presented above. The most notable methods can be
classified into two groups[24]:

e Splitting Method: This idea involves breaking down a rare event into a series of moderately rare
events, making it more tractable to sample. If only the transition between to local minima points is
concerned, this procedure can be achieved adaptively using Adaptive Multilevel Splitting algorithm,
which concurrently evolves an ensemble of trajectories and eliminates those who lags behind, whilst
replicates that successfully explore the paths towards the target states; see [8, 2, 6, 7].



e Importance Sampling: This method biases the dynamics(e.g. modifying the potential) to reduce
the variance, as detailed in [13, 5] and [23, Section 6.2]. If both the starting point and the target point
are given, one can formulate the problem as a Schrodinger Bridge Matching problem|[17] or it can be
solved via an OT scheme[11]. However, to cope with more general transtions between two metastable
states where the target point is not given, one may need to choose from adapting Stochastic Optimal
Control formulation[40](fixed starting point) , approximating the target distribution(unknown) via
a neural network|36](need sample paths) or sampling in a latent space [30] by means of Boltzmann
generator(very slow). To our knowledge, none of the aforementioned methods can efficiently deal with
transitions between metastable states, which are essentially two closed regions without conditioning
on either the starting point or target point.

As a fundamental machine learning paradigm with notable achievements in complex, high-dimensional tasks
such as Go [34, 35], recent initiatives have explored addressing classical Stochastic Optimal Control chal-
lenges, including the aforementioned one[24, 18], through a reinforcement learning (RL) lens, and is notably
benefits large-scale Markov Decision Processes where traditional methods like dynamic programming are
not viable. Yet, existing studies are either missing comprehensive theoretical backing [18] or are limited to
discrete-time frameworks [32], both posing risks of errors in outcomes. Beyond issues of discretization, RL
tends to produce a unimodal target, even when entropy regularization is employed [22]. This could lead to
the accumulation of target points at local minima when a standard approximation of terminal costs is used.
On the contrary, GFlowNet|[3|, a well-celebrated amortize sampler, is capable of generating multimodal ones,
and this capability has been verified in various scenarios[19, 41]. Furthermore, when the search space is large
and the time horizon is long, RL algorithms may require an extended period to converge, as only the final
step’s update incorporates terminal costs. This classic dilemma of exploration-exploitation is always a core
topic in RL research, such as [37, 33]. In comparison, GFlowNet equipped with trajectory balance loss|28]
transmits the feedback of terminal cost to early sampling steps on each training step.

To address these challenges, we undertake the following steps: Initially, leveraging a ready-made the-
oretical result from transition path theory[15], we develop a novel formulation suitable for creating path-
ways between two metastable states, specifically from a known initial distribution to an unspecified target
distribution, instead of merely from point-to-point or point-to-distribution. Subsequently, we introduce
continuous-time versions of SAC and GFlowNet, with their sampling policies represented by parameterized
SDEs, utilizing the stochastic optimal control matching[10] and Girsanov theorem respectively to eliminate
discretization errors. To resolve the exploration-exploitation trade-off, we introduce a ’'flow calibration’
strategy that merges the immediate feedback benefits of RL with the foresight of GFlowNet, grounded by
a quantization scheme, and further incorporates physics information via principal bundle theory, utilizing
the idea from equivariant flow matching|21]. Notably, while our focus is on the TPS problem setting, our
approaches are readily adaptable to broader SOC issues, a topic we will revisit in the discussion section.

Following this thread, the paper is structured as follows. In Section 2 we set the stage of rare event
simulation, present the transition path sampling problem in section 2.1 and derive its stochastic optimal
control formulation for distribution to distribution case in 2.2. Section 3 is dedicated to the introduction
of the RL and GFlowNet framework. In Section 3.1, we discuss the underlying theoretical framework of
reinforcement learning in SOC . In Section 3.2 we will briefly recap the key ideas of Soft Actor-Crictic(SAC)
algorithm[16] employed as RL part of our design. As for section 3.3, we introduce the GFlowNet for SOC,
namely CFlowNet[25], under the same frame. Section 4 is devoted to continuous time generalization for
both algorithms. In Section 4.1 we show how to represent the strategy of both algorithms via SDEs. More
precisely, a single forward SDE for SAC and coupled SDEs for GFlowNet. In Section 4.2 we derive the
continuous version of SAC from HJB equations following recent advances in continuous time RL[20]. In
Section 4.3 we analyze the limit of trajectory balance loss|28] and derive its continous time adaptation from
Girsanov theorem. In Section 5, we demonstrate our "physics-informed reparameterization" starting with an
introduction to equivariant flow in 5.1, followed by an exploration of the connection between reparameteri-
zation and variance in 5.2, and finally, we describe our novel reparameterization approach based on principal
bundle theory in 5.3. In Section 6, we provide a brief overview of stochastic quantization in 6.1 and develop
our final strategy using this concept in 6.2, which seamlessly integrates the different representations of SAC
and GFlowNet strategies. In Section 7, we showcase our experimental results, highlighting their superiority
over existing TPS algorithms. Finally, we conclude the paper with a discussion of our findings.



2 Stochastic Optimal Control for Transition Path Sampling

In this section, we will develop a distribution-to-distribution formulation for transition path sampling prob-
lem. First, we bias the potential landscape, which changes the drift term of SDE representing original
molecule dynamics, to reweigh the sampling process . Second, we show that the distribution to distribution
case can be reduced to the point to distribution case and derive that the bias potential term in point to
distribution case can be solved from a stochastic control problem.

2.1 Bias Potential Method

Following the settings in [36], we will derive the bias potential method for transition path sampling in this
subsection. Notice, that we will assume that X; always has a fixed starting point in this section.

2.1.1 Definition of Transition Paths

Given probability space (£, Y, 0). Suppose V(z) : R? — R be the potential of the system, W;(w) : [0, +00) x
Q — R? be the d-dimensional Brownian motion w.r.t. measure o. Let two metastable states be represented
by closed closed regions A, B C R?. Their respective boundaries are A, OB. In studying transition paths,
it is often useful to model the governing system as an SDE. In this section, we will look at the overdamped
Langevin equation, given by

dXt = —VV(Xt)dt + det7 XO =, (1)

where (3 is the diffusion coefficient. We omit the matrix I; in the SDE above and the same hereafter, if the
context is clear.

Let F; represent the filtration generated by the process X; up to time ¢. Assume the path measure of
X is P*, its marginals at stopping time 7 being P7 respectively.

Assumption 2.1. Assume V is reqular enough such that the invariant probability distribution exists

More precisely, if it exists, then it is given by
p(x) = e"BflV("’”)/Z, 7 = / e BTV @ gy, (2)
Q

Remark 2.2. In transition path theory(TPT), a commonly seen term is "collcective variable”, which are
functions of atomic coordinates used for dimension reduction. The case we considered above is the formulation
under collective variable, because the Langevin dynamics is overdamped and can be represented by one SDE,
instead of a couple of SDEs. In fact, the original Langevin dynamics without collective variable is given by

dX; =m~'Pdt
{ t m t (3)

dP, =[P, — VV(X}y)]dt + /2ymed Wy,

and its invariant probability distribution is given by
2
o) = Zne DN, Hap) = V@), Zn = [ M o @

It can be shown that this collective-variable-free case also has an SOC formulation[40], and can be solved
via Path Integral Cross Entropy method[17]. There is no inherent difficulty to extend our algorithm to the
collective variable free case, but we will focus on collective variable case for simplicity.

Definition 2.3. The paths that go from the boundary of A to the boundary of B without returning to A are
called transition paths [12]. Mathematically, a realization (X,)I_, is a transition path if Xo € 0A, X1 €
0B, and X, ¢ AUB, Vs€(0,T).

2.1.2 Distribution of Transition Paths

We will now examine the distribution of transition paths as in [27].



Definition 2.4. Given time t, the hitting time of the process X; w.r.t. filtration F starting at time
s and position x is defined as:

TI(AX) =inf{t > s: X; € A}, (5)
T](BX) =inf{t > s: X; € B}. (6)

We may omit the superscript (X) sometimes if the context is clear.

Assumption 2.5. For given X, starting at starting point x, we always assume the system is ergodic, that

Remark 2.6. This condition can be slightly relaxed to TEAX),TEX) < 400 almost surely with respect to P*,
the path measure of X;[36].
From this definition, we introduce a key ingredient for solving TPS problem named committor

Definition 2.7. Let E be the event that T](BX) < Tflx), Given starting point x, the committor is defined as

q(z) := P*(E) (7)

That is, the committor gives the probability that a path starting from a particular point x reaches closed
region B before closed region A.

Definition 2.8. We call a stopping time
ng =inf{t > 0| X, € AUB} = Tng) A TI(B,X) (8)
the reactive time of path X;.
Remark 2.9. From the ergodic assumption, we have Tap < +00, that is, the reactive time is always finite.
Before we give the SDE of the transition path, we need the following lemma
Lemma 2.10. The committor q is determined by the following boundary value problem
Lg(x)=0 ifr¢ AUB

q(z) =0 ifzeA : (9)
qglx)=1 ifzeB

where L is the generator of original diffusion(time-homogeneous), given by

L= -VV(X,)V +BA (10)

Proof. Suppose h(zx) is a solution of the boundary value problem.
For x € AU B, apparently, h coincides with ¢, which is 15.
For z € (AU B)¢, from [29, Theorem 9.2.13], we have

h(z) = Ep+[15(Xr,5)] (11)

:]P)I(TA < TB) (12)

=P*(E) (13)

= q(z) (14)

Hence, h = ¢ for any z. Refer to [38] for more details. O

We claim that

Theorem 2.11. The dynamics of transition paths starting at x is given by

dY; = (=VV(¥;) - Zﬁvq?g;))dt +28dW,, YYo=z € A° (15)



Proof. We will use Doob’s h-transform, a common technique for conditional dynamic to derive the equation.
Define h-function

ht,z) :=P(rSY < 7(91X, = 2) (16)

Denote the generator of transition paths as G i.e.

GO f() = tim (B [f(Xen) X = 2,750 < 7§0] - f(a) (a7)
L Ef (X s)h(t 4 s, Xy )| Xy = 2] — f(z)h(t, x)
B 11—% - 3;(15,:0) (18)
i B a(Xe )| X = o) — f@)a(@) 19)
s=0 sq(x)

for arbitrary function f. From the definition above, the generator of biased diffusion(can be non-time-
homogeneous in general Doob’s h-transform) is given by

GOf==(0,+L)af) (20)

L(qf), (21)

QIR Q=

because ¢(z) f(z) apparently does not depend on time in our situation. From previous Lemma 2.10

Hence
28V
g(t)fzngquq.vf (23)
which completes our proof. See [9] for more details. O

Remark 2.12. In fact, the theorem still holds for x € A, where the committor q vanishes, that is, this
SDE still admits a unique strong solution. See [27, Theorem 1.1] for the proof.

2.2 Solving Bias Potential from Stochastic Optimal Control

In this subsection, we begin with reducing the distribution to distribution case to point to distribution case,
and then derive a SOC formulation from minimal action in optimal transport.

2.2.1 Reduction of initial condition
Consider Overdamped Langevin Dynamics with given initial distribution pu,i.e.

dX, = —VV(X,)dt + \/26dW;, X, ~ p. (24)
Denote its corresponding path measure as P#, and its marginal at stopping time 7 as P#.

Definition 2.13. The relative entropy between two measures «, 8 is given by

da .
Ent(a]f) := /f"g<dﬁ)d0‘ yo<h (25)

400 otherwise,

for measurable space .

The next theorem is related to the Schrodinger Bridge formulation of the general sampling problem,
whose connection with TPS will be discussed later. We will use the proof in [15, Theorem 4.3]

Theorem 2.14. Suppose the strictly convex terminal cost g : R? — [0, +o00] is F, measurable, there exists
a Fr measurable set D C dom g,s.t. PZ(D) > 0, and that [, gdP, < +oo.
Then, the following holds:



1. The point-to-distribution sampling problem
. dQ
inf{Boly(X) +log )@ € P@)}, (26)
where P(-) are all measures on certain sample space, admits unique optimal path measure Q% satis-

fying Q)" = p

2. The distribution-to-distribution sampling problem
. dQ -
inf{Eqlg(X-) +log -5 1|Q € P(€2), Qo = i}, (27)

where i € P(R?) is a given measure(not necessarily equals to ) with Ent(fi|n) < +00, has a minimizer
taking the form Q* = i @ Q** (the definition of ® is in the proof)

Remark 2.15. In our case,i = p. It indicates that we only need to solve the measure Q** for the point-
to-distribution case on one point x. For the distribution-to-distribution case, it suffices to randomize the
starting point x by x ~ u and "shoot" with the same conditional measure Q7.

Proof. We will give a proof for 1 and 2 for completeness.

1. First, we show that the set of admissible path measures is nonempty, that is, there exists at least one
path measure, such that the stochastic control problem in 1 has a finite cost. To construct such a
measure, we reweight the probability of PZ to make its support set be Di.e.

1pP%

Y= B D) (28)

Make a path measure Q to have marginal v at stopping time 7, that is

Q=veP = /]Rd Ply, —,dv(n), (29)

where ]P"””X _, is measure P* conditioning on X, = 7.
L=
We claim this measure is admissible, verified as follows

dQ dQ-

Eglg(X,) +log 7o T

] = Eqlg(X7) + log

(X;)], since it is the only difference between Q and P*
(30)

— E,[g(z) +log 2~ ()] (31)

Pz
= / gdv + Ent(v|P%), where Ent is the relative entropy (32)
R
Jp 9dP?
==="—" —logP%(D 33
LAST - g PE(D) (33)
< +00 (34)

Next, we move to the existence of minimizers by the Direct Method of the Calculus of Variations.

Step one, construct such a candidate minimizer. From previous argument, the minimizing sequence
QF exists, that is

d k
sup Egr [f(X+) + log Qz] < 400 (35)
P P
Since f > 0, it implies
sup Ent(Q¥|P?) < +o0 (36)

k>1

Thus, by de la Vallee Poussin theorem, the sequence (%) k>1 is uniformly integrable. Further, since
the sequence is bounded in L!(£2,P?), Dunford-Pettis theorem provides that this sequence is also



convergent weakly in L'(€2,P*). Denote the weak limit as Z, and let the candidate be Q := ZP*, then

setwise
we have convergence QF ““5°° Q.

Step two, we show that Q is indeed the minimizer we want

d
Egl(g An)(X;) + log %} < klggo Eqgx[(g An)] + likn_l)inf Ent(Q[P*), by lower semi-continuity (37)

- dQ
<
< liminf[(g A n)(Xr) +log ] (38)
<liminf[g(X;) +1 dQ] (39)
<l flg(Xr) + og gz
Take n — co. From the monotone convergence theorem, we have
aQ., .. . dQ*
Eqlg(X7) +log -] < liminf Eqx [9(X,) +log —C] (40)
The uniqueness of the minimizer Q follows directly from the strict convexity of g.
2. Notice that for any Q € P(2),Qo = fi , we have:Qo < p(Since Ent(fi|p) < +00).
Moreover, by disintegration theorem, we have:
dQ d@o dQ|X
m(w) = m( o(w)) dPTLXU( w), for Q-almost w € N (41)
This induces the disintegration of relative entropy, which writes:
Ent(QIP*) = Ent(ilu) + | Ent(Qpr-a|F*)Qu(do) (12)
R
The problem now becomes:
~ . Q|XU =xq~
Ent(plu) +mf{ | Eqx,_, [f(Xr) +log —mm—]h(dz)} (43)
Q " Jga

Therefore, if Q** is the minimizer of the problem conditioning on initial point z, then the optimal
path measure is given by Q*# = i ® Q**

O

Since the Theorem 2.11 and Remark 2.12 only holds for « € (int A)°, we need to clarify the movement
of the particle starting at a point within A to make the boundary distribution of Y; on A coincides with
the boundary distribution of X;.

Definition 2.16. Suppose the initial distribution on A is given by ¢(x). Define reactive exiting dis-

tribution of 0A as = Plga. Moreover, define the empirical reactive exiting distribution of 0A as

UN = % 2:01 5X7A (z), where z € A and k is the label for N iid samples.

Next, we extend the definition of Y; to x € A case simply by
Y: = =VV(Y)dt + /28dW;,0 <t < 1y,2 € A (44)
The following proposition can justify the definition

Proposition 2.17. uy wegh 1w as N — 4o00,i.¢e.

lim x)dpn (x / f@)du(z),P* — a.s. (45)

N—oo Jga
for any continuous bounded function f:0A — R.
Proof. See [27, Proposition 1.4]. O

This proposition allows us to equalize the hitting distribution of Y; on dA with p. Combining it Theorem
2.14, it suffices to construct SOC formulation for the point-to-distribution case with = € 0A.



2.2.2 Deriving SOC formulation

Define terminal cost as follows

(z) = 0,z € B (46)
&) = 400, otherwise

Pick sufficiently small ¢ > 0. Generate a starting point x € A€ satisfying d(x,0A) < ¢, such as taking
one more small step without bias after Y; hits the boundary dA to go outside the closed region A.
Parameterize the path measure Q by setting it as the law of the following SDE

dY, = [~VV(Yy) + 2805 (Y2)] dt + /2BdW,, Yo =z € A°. (47)

Remark 2.18. Different from the next section, we temporarily assume that 6 parameterizes v%, a deter-
manistic mapping from R to R here.

To apply Girsanov’s theorem to the entropy term above, we need

Assumption 2.19. Eg 1og$ < 400 <= E@[fOTAB [0%.(Y3)[2dt] < +o0 (Novikov condition, derived from
the following lines),

which gives

dQ dp”

Eqllog ;] = Eq[~log a0 ] (48)
1 TAB o 1 TAB
= ol / B+ [ bRl (19)
1 TAB
- 5k /0 W2 (Y:)|2dt, (50)

where we denote the Brownian motion w.r.t. Q as W, temporarily. Thus the original SOC problem is
equivalent to

. 1 TAB
it Bolyy [ Ih(YPde+ 9(Yrup)IYi ~ Q. Yo =al. (51)
0

The next theorem shows that the stochastic optimal control problem presented above gives the transition
path measure

Corollary 2.20. For x € A°, the optimal control for the problem

. 1 TAB
fBolyy [ (VP + g(Yru Vi~ Q.Y =l (5)
0
s given by
*,6 VQ(aj)
vy () = Vlegq(x) = . 53
That is, the optimal path measure for the original problem is the measure of the transition path Y;.
Proof. See [40, Corollary 3.1.1]. O

Here is a brief summary of the procedure for our sampling

1. Choose a point on 0A, and take a sufficiently small step following X; to generate a starting point
x € A°

For this fixed z, solve the SOC problem in corollary 2.20 for v}’g(x)

Pick any fixed point x;, in int A(normally the local minima)

- L

Run the extended dynamic of Y;(namely that of X;), until the path hits the boundary of A at xp;

5. Use the same SDE of v}’e to shoot from zp;;
6. Repeat 4 to 5

Thus, we will focus on solving SOC problem for a fixed starting point in the following sections.



3 Discretized RL and GFN for Stochastic Optimal Control

3.1 Discretized RL for stochastic optimal control

First, to avoid an infinite time horizon, pick a sufficiently large constant T, and set stopping time T' = TATAB.
Discretize the objective function and the dynamics with time step At

T-1

1
> Atlo* 4+ g(Y7)|[Yo = =
t=0

4p
s.t. }/t-‘rAt = }/t + [—VV(Yt) + Qﬁvt] At “+ +/ 2BAWta

inf E
inf Eq

where T is the time step when Yi.7_1 € (AU B)¢ ,AW; ~ N(0, At), and Q is the discretized adaptation of
path measure Q .
Second, we introduce regular elements in RL problem and clarify some concept in the equation above.
Let the state space .# := R%, the policy space & := {n%|r}. : V; € R? = 7%.(-]Y;) € P(RY)}, namely all
the mixed strategies on R?(we may choose different parameterized policy space &y according to the specific
RL algorithm we use in practice). Denote the selected action at time ¢ to be v; € & = R?, where </ stands
for action space.

Remark 3.1. In fact, due to the deterministic Vlogq(x), we should have used deterministic action space.
However, in practice, the agent may benefit from training with stochastic strategy when the search space is
very large, such as avoiding suboptimal policies, obtaining more robust learning outcomes, etc, especially for
SAC algorithm[16], which is the case we will be concerned about.

Define the intermediate reward to be r(v;) := ﬁAt|vt|2, and let the terminal reward be g(Yr) . This
formulation allows us to solve the discretized problem with RL, which is Soft Actor-Crictic in our situation.

3.2 Soft Actor Crictic for Discretized SOC Problem

The key features of SAC algorithm are summarized as follows
1. Use entropy regularization to make the agent more explorative
2. Use clipped double Q(s,a) function to avoid overparameterization and overestimation
3. Use Gaussian policy, where the variance term is also parameterized, to make a bigger hypothesis set

Since we focus on continuous cases, we will not give a full introduction to the original SAC algorithm.
Here is a complete pseudo-code implementation of SAC adapted from [1] for the discretized problem

Algorithm 1 Soft Actor-Critic (SAC) algorithm for SOC problem

1: Initialize policy parameters 6, Q-function parameters ¢, ¢2, empty replay buffer D, tradeoff constant
7, target parameter ¢iqrg,1 < @1, Ptarg,2 < @2, and smoothing parameter p.

2: repeat

3 Observe state Y; and select action v; from distribution 7% (:|Y;).

4 Execute action v; in the environment.

5 Observe next state Y41, reward 7,11, and done signal d to indicate ;11 € AU B.

6: if d is True then 7141 = r411 — g(Yi+1) and reset the environment state.

7

8

9

Store transition (Yz, vy, 7441, Yia1,d) in replay buffer D.
if it’s time to update then
for each gradient step do

10: Randomly sample a batch B of transitions (Yz, v¢, 7441, Yit1,d) from D.
11: Compute targets for the Q functions
12:

Yg =T¢ + (1 —d) ZIBiHQ Qmm.y,i (Yt+h Ut+1) —vlog W%(Ut+1|yt+1)7 V41 77%('|Yt+1)

13: Update Q-functions by one step of gradient descent using
14:
1 )
v0i§| Z (Q%(Y;f,vt) 7y¢1)27 for i € {LQ}

(Yi,vt,741,Ye41,d)EB



15: Update policy by one step of gradient ascent using

16:
Voo \BI Z <1m%r12 Qg (Yy,v1) — v log (vt|Yt)) :
17: where the reparametrization trick is used, that is
vy = pg(Yy) +oo(Yy) - &, &~ N(0,14). (54)

18: Update target network

Prarg,i < PPrargi + (1 —p)¢y for i=1,2 (55)
19: end for
20: end if

21: until convergence

At test time, we will output the mean policy pg to improve the behavior.
Remark 3.2. Three key issues for the original SAC

1. Discretization error

2. Only consider terminal cost at the final step

3. may not generate very diverse trajectories or target points in sampling applications

3.3 GFlowNet for Discretized SOC Problem

The key difference between GFlowNet and SAC is that it does not directly compute the reward at each
intermediate step, instead, it collects all the reward at the final step and learns to construct consistent
probability flow(both forward and backward) to match the distribution of the final reward, which is better
regarding exploration ability[3] and is particularly suitable for sparse signal RL scenario.

Likewise, since we focus on continuous cases, we will only give the pseudo-code of it based on [25] and
leave more space for continuous case

Remark 3.3. Two key issues for GEN
1. Not very suitable for problems with intermediate cost[25]

2. Trajectory balance is very costly to train since they are evaluated on the entire trajectory at a time
compared to SAC, especially when T is large.

4 Continuous Generalization of SAC and GFN

4.1 Representation of Continuous Strategies via SDEs
4.1.1 Representation of SAC Strategy via Forward SDE

Since the transition dynamic Y; for SAC is already determined v; ~ w%(:|Y;), a feedback stochastic control
policy, the SAC strategy can be simply given by

ve = po(Ys) +09(Yy) - &, &~ N(0,VhIy) (57)
dY; = [-VV(Yy) + 28v,] dt + /28dW; (58)

where g, 0y are some suitable NNs, and h being some suitable discretization step size. The unique strong
solution does exist for arbitrary fixed (v;)Z_, from [39, Chapter 1, Theorem 6.16] under mild assumptions,
as long as we assume ¢ is already approxunated by some smooth functions, which is usually the case in
practice[40, 18]. More rigorously, we need to write the variables as v, Y,", but we will stick to the original
notation if the context is clear, for consistency.

Remark 4.1. In this light, we are dealing with a model-based case in TPS problem. However, our method
can be extended to model-free cases without inherent difficulty.
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Algorithm 2 Generative Flow Network (GFlowNet) algorithm for SOC Problem

Initialize: Policy network 6 for ﬂ%, a pre-trained retrieval network Y to find parent, empty buffer D and
P, clip constant €, reward weight A

repeat
2: Sett=0,Yy =z R
while Y; # terminal and t < T do

4: Sample M actions v, from action space < according to 7% (-|Y;)
Execute v; in the environment to obtain ry1 and sy41
6: t=t+1
end while

8: Store episodes {(Yy, ¢, 7t 41, Yir1)}iey in replay buffer D
[Optional] Fine-tuning retrieval network Gy based on D

10: Sample a random batch B of episodes from D
Uniformly sample K actions {vF}X_| from action space o/ for each state in B
12: Compute parent states according to {G(Y/*,vf)}H< | for each state in B

Update W% according to

K k
e+ > QGr (Y, vf) S vh
k=1

Lo(T) = Z { log

t=1

— log

} - (56)

K k
e+ > (QF S YEL) + Ar(v) — Li=rg(Y1)))
k=1

14: until convergence

4.1.2 Representation of GFlowNet Strategy via coupled SDEs

Next, we will derive the coupled SDE for GFlowNet. Let us establish the theorem for a more general case.
Notice, that all the V, A, div is only taken to the spatial component in the following theorem and its proof.

Theorem 4.2. Suppose we are given a general diffusion process
dXy = f(Xy, t)dt + o( Xy, t)dW;. (59)
where f: R4t 5 R4 o RAHL 5 RUEFDX(AHD) - s time reversal is given by the following equation:
dX; =[f (X5, 1) — div(o(X;, 1)o" (X3, 1)) (60)
— (X3, 10T (X3,1)V log p(X;, 1)]di + o(X;, {)dW. (61)
Here, we denote the time with a negative increment with t and the backward Brownian motion with W,g .

Proof. Write the forward FPK equation

B X0) = —div { FXi, 0p(Xe.1) ~ linlo (X0 07 (X 0p(X0,0)] | (62
Notice
div[o(Xs, t)oT (X, )p( Xy, t)] (63)
=p(X;, t)div[o(Xs, t)oT (Xe, 1)) + o(Xe, )0l ( Xy, 1) Vp( Xy, 1) (64)
=p(Xy, t)div|o(Xy, t)o" (Xe, )] + p(Xe, t)o(Xp, t)o” (Xp, 1)V log p( Xy, t). (65)
We have
Jp .
E(X“ t) = — div{[f(X¢,1) (66)
- %dz‘v(a(Xt,t)aT(Xt, ) (67)
— 5o (X t)0™ (X, )V log p(X0, 0] (X0 1)} (68)
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It corresponds to forward ODE

1
dX, =[f(X:,t) — idw(a(Xt,t)aT(Xt,t)) (69)
1
— io(Xht)oT(Xht)Vlogp(Xt,t)}dt. (70)
It gives the reverse ODE with a positive time increment (¢ starts from the beginning)
1
dX; == [f(Xi,t) = 5div(o(Xp )" (Xi,1)) (71)
1
- §U(Xt,t)UT(Xt,t)Vlogp(Xt,t)}dt. (72)
The FPK equation for reverse ODE with a positive time increment is
dp . L. T
E(Xt’t) = — div{—[f(X¢,1t) — idw(a(Xt,t)a (X1, 1)) (73)
1
- §U(Xt, Yol (X, )V 1og p( Xy, 1)] - p( Xy, 1)} (74)
= dl’l}{—[f(Xt’ t) - diU(U(Xta t)UT(Xtv t)) (75)
— o (Xy, 1)o7 (X4, )V log p(Xe, )] - p(Xy, 1)} (76)
1
+ QA(U(Xtat)UT(Xtat)p(Xtvt))' (77)
Thus, the corresponding SDE with a positive time increment is
dX; = — [f(X¢,t) — div(o(Xs, t)o’ (X4, 1)) (78)
- U(Xta t)UT(Xta t)v 1ng(Xta t)]dt + U(Xt7 t)th (79)
Reverse the time, we have SDE with a negative time increment (Z starts from the end)
dX; =[f(Xz, 1) — div(o(Xz T)o" (X, 1)) (80)
— (X5, D)o (X3, )V log p(X;, 1)]dE + o (X, 1)dW, (81)
as desired. O
Unlike SAC, we assume the strategy v; is also evolving in an SDE form, that is
dve = pg(Yy)dt + ag(Y})th, (82)

where Wt is the noise independent of Wy, g : R¢ — R? is the mean strategy and oy : R¢ — R is the noise
level of the strategy.

Remark 4.3. We can choose ag : R® — R¥>? if the world model is very complex. However, this is not
likely the case in TPS, since the dynamics are explicitly given. We will only use a parameterized constant to
control the noise level, which, to some extent, presumes an isotropy of the strategy.

We want to derive an explicit reverse SDE system corresponding to

dY, = [-VV(Y}) + 28v,]dt + /28dW, (83)
dvy = pg(Yy)dt 4 oo (Y:)dWy,
which can be rewritten as
Y; —VV(Y:) + 2Bv; V2614 0 dW;
(Ut) ( o (Y2) + 0 a0(Y1) aw; (84)
Applying theorem 4.2, we immediately have
Corollary 4.4. The reverse representation of the system is given by
dY; = [-VV(Y;) + 2Bv; — 28V log p™) (v, Yz, T)]dE + /2BdW; (85)
dvy = [ue(Yy) — 00(Yy) Voo (Yy) — 03 (Y;)V log p®) (vg, Y, )] dE + o9 (Yy)dW;

where V log pU) (v, Y7,1), 5 = 1,2 stands for jth component of V log p(v;, Yz, 1), each of which settles in R?.
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Proof.

() =1 ) -

w (205 Ug?yf)) ) (205 og?m) Vlogp((é) )ldt (87)

" (aa@%)) (88)

- [<VVA(L§§@+> m) B (89)

i (S ) (0 am) D e 1 D)1t (90)

' (oﬁ%ﬂ (91)

B (um)—v MRS <1Yg>@1)(gp<%<t) Y, f)) a (92)

" (oﬁfm) / (93)

which completes our proof. -

Parameterize V logp(vi, Yz, t) by so(vg, Yz, t), we have

{dYg = [~VV(¥)) + 2805 — 2855 (v7, Yy, D)l + 2B (94)

dvy = (g (Y;) — 200(Y;) Voo (Y7) — 03(Vy)sE (v, Y5, D]dE + 0 (Y)W
which will be trained by flow matching[26] or trajectory balance[28].
4.2 Continuous Generalization of SAC and GFN

4.2.1 Continuous Generalization of SAC

We derive the continuous generalization of SAC from the framework of g-learning[20], using the HJB equation.
The value function from time ¢ is given by

Trq
J(t,yi7) = En [ / [WSF - vlogw(vsm)] ds + g(¥7)

Y = y} ; (95)

where v is the exploration-exploitation ratio, and Ey is taken concerning both Y; and 7.
Next, we define Qa¢(t, y, v; 7) function as the following
t+AE , T
Qultyvim) =Bal [ loPds+ [ [
Y t 4p t+ar 46
which represents the value of action v lasts At from time ¢ at state y. Here, we use superscript v to indicate
variables perturbed by v.
Taking limit, we have[20, Propostion 3]

|05 = ylog w(vs|[Y)]ds + g(Y2)IYy = yl,  (96)

Proposition 4.5. The continuous generalization of Q function, namely q function in the literature, is given

by
v v Qa(t iy, vym) = J(tys )

g(t,y, v;m) = lim At (97)

oJ oJ 0%J

=ty )+ H(t, g, v, = (L y; 1), =— (L, y;
5 by + H(ty,v, ay(’y’ﬂ)’ayQ(’y’ﬂ))’ (98)
where H is the Hamiltonian, defined as
1
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Proof.

t+At 1 T 1
Qai(t,y,v;) =EH[/ —|v[*ds + / [ |vs|* — v log m(vs|Y)]ds + g(Y£) |V = o] (100)
. 1B i 18
t+At T
1 1
—mal [ gloPds+Bal[ [l ylogm(u Y2 lds + gV adl¥S =] (101)
. 1B T
t+At
1
—Eq / Ll + I ALY s mIY? =y (102)
t+AL
1
—Eq| / TIPS+ T ALY i) = Y IY = o]+ Y (103)
t+At 2
:EQ[~/75 [%(87 szv; 7T) + H(sv sta v, %(87 st; 77)7 %(87 YSU; W))]dSD/tU = y] =+ J(t, Y; 7T)
(104)
2
= im) + [ (5 Y2) 4 H, Y0, G (5, Y4m), 55 (5 Y m)AL 4 o(A0). (105)
which completes the proof. O

The following theorem establishes that the value function J will be improved by minimizing the relative

entropy between 7 and exp(%H )

Theorem 4.6. Given (t,y) € [0,T] x R?, if two policies n, 7’ € P, if

Bt 4,9)| X0 H (i, 9o 1), &5 05 m) < Bt )] st 52,5, 55 s,
(106)
then
J(t,y; ') > J(t,y; ). (107)
Proof. See [20, Theorem 10]. 0

Remark 4.7. This theorem does not guarantee the policy w to converge to the optimal one m*, which is also
the case in discretized SAC algorithm[16].

When we reweigh the probability of actions(at a time) given ¢,y, 7, the value of %(t,y;w) is fixed, we
have

1 aJ 0%J 1
exXp —-H tayv'vi tvy;ﬂ- ) a9 tay;ﬂ— X expl—¢q tvyvv;ﬂ- 108
(7 ( ay( ) 6yQ( ) (7 ( ) (108)
Hence, an alternative is to update by
1 1
Ent(n'(-[t,y)] exp(;q(t,y,v;ﬂ))) < Ent(w(-[t,y)]| exp(;Q(t,y,v;ﬂ)))- (109)

However, we will use H to avoid the additional computational cost induced by %—{.
According to our previous parameterization

W%(“t%) :m exp <_2ha§(Y)<vt — po(Ye))" (ve — Me(ﬁ))) . (110)
o\ 1t t
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We derive the optimality condition as the following

) 1 ) 1 aJ 9%
@Ent(ﬂi"w\exp(;ﬁ’)) - %/Q{[logﬂ%(vlty) - SH v, @(t,y;ﬂ%)7 Tw(ty;ﬂ%))h%(vlt,y)dv (111)

= 0 ! ag ., 0y 2T O (vlt,y)
—/d[logﬂF(vlt,y) VH(t,y,v, ay(t,yﬂnw) o 5 (ty;7h))] op v (112)
d
+ [ s los ot ) ult o (113)
., 00
_ 1 oJ 0%J ord.(vlt,y)
/ [logﬂ-F( |t y) ,YH(ta:% 78:1/ (t YT ) 8 2(t7y77TF))]TdU (114)
+ [ gyrtelend (115)
_ 0 1 oJ ., 4 0 o (vlt. y)
- /Q{[logﬂ-F(Ult’y) VH(tayﬂ}a ay (t7y77TF)a 5‘y2 (t7y7 F))] 80 dU (116)
9 0
+o5 | mrlty)dv (117)
1 oJ 0%J orl.(vlt,y)
=/ [ -H S R TI y) c Omp(vlt,y) 11
[ Boembltn) = S H o ey, s e TG e (11s)
1 oJ 92 9
=/%[10gﬂ%(vlt7y) WH(t e (t,y; %), oy 2(t y,ﬂp))}@(logm( olt,y))mh (vlt, y)dv
(119)
We have
d 1
log mh(vV;) = - §1og(27rh) —dlogog(Y:) — m(”t — po(Y2)" (v — po(¥2))
_0 d 90e(Ye) | (v = pe(Ye))T (vr — pe(Yy)) Do (Vr) 1 B 7 0po(Yy)
= gg log i (uilY) = o)) 06 303 (V) a0 ozqry ) 5,

If an accurate approximation of H(t,y, -, 8y L(t,y;7), 2 ay J(t,y;m)) is available, we can improve current

policy 7% by sample random actions v; from it and take gradient steps, either offline or online

82

. Yant))

(t, Y;577TF) 89(

1
0 < 0 — [log 74 (ve|t, ;) — ;H(t,Yt,vt, 97 log 7% (ve|t, Vi) T (120)

0y

where the explicit formula of > log ml,(v,|Y}) is given above.

Next, we derive how to get an satisfying approximation of H (¢, Yz, v, %(t, Yy 7), 2 ay I(t,Yy;m)) . Instead
of approximating ¢ from ) by discretization or defining adjoint state , we directly compute Hamiltonian
using the Girsanov reparameterization trick in [10, Appendix C.2, Proposition 4]. We will slightly generalize
the diffusion term of the original proposition in the diffusion term from time-dependent-only to time-space-
denpendent. The idea of proof is roughly the same.

Theorem 4.8. Consider diffusion process

dX, = b(X,, s)ds + o(Xs, s)dW,, Xo = x € R? (121)

2
Given reparameterization flow Z : R% x [0,T)] N Re, satisfying Z(z,0) = 2,¥z € R? and Z(0,s) = 0,Vs €
[0,T). Let F: C([0,T];R?) — R? be a Frechet-differentiable functional, we have

VLE[F(X)|Xo = 2] =E[V.F(X + Z(2,))|s0 (122)

T
+ F(X) exp/O (V2Z(2,8)|:=0V2b(X5,8) — V.0:Z(2,8)]2=0)(0(X7, s)_l)Tth]
(123)

where we use capital X without time subscript and Z(z,-) to denote one complete trajectory generated by the
corresponding process.
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Remark 4.9. The key idea of Girsanov reparameterization is similar to % f(2)|p—g, = % f (0 +1)|t=0, that
18, shift the gradient of x to a new parameter t. Integrating by time, t becomes a family of reparameterization
C? section Z(z, s), which connects to bundle theory and Lie algebra in differential geometry. We will further
develop this idea in sections later.

Proof. Observe that
V.E[F(X)|Xo = 2] = V.E[F(X)|Xo = 2 + z]|.—0- (124)

Our next target is to shift the perturbed process X; to its original position to separate the effect of pertur-
bation, which is exactly the reparameterization component.
Define shifted process

dXE = b(XE2 8)ds + o(XPH2 ) dWy, X§T° = 2 + 2, (125)
and shifted-back process
dX7 = [W(XT + Z(2,5),8) — 0:Z(2,8)|ds + 0(XT + Z(z,5))dW;,dX§ = x (126)
We have
A(XT 4+ Z(2,5)) = b(X® + Z(2,5),5)ds + 0(XT + Z(z,5),8)dW;, XT + Z(2,0) = x + 2, (127)

by the uniqueness of the strong solution[29, Theorem 5.2.1], this formula explicitly reparameterizes the
shifted process for any z € R%. Thus

E[F(X)|Xo =z + 2] =E[F(X"%)] (128)
=E[F(X* + Z(2,"))] (129)

T
:E[F(X + Z(Zv )) eXp(/O U(Xsa:a S)il(b(Xér + Z(Zv 8)7 8) - b(XsIa 5) - 882(27 s))dWS
(130)

1 (T
- 5/0 lo(XZ,8) " H(b(XT 4 Z(2,8),8) — b(XZ,8) — 0:Z(z,5))|*ds)]. (131)

Plug it in the representation of the gradient

V.E[F(X)|Xo=2+2z2] = V,E[F(X + Z(2,-)) exp(/O (X2, 8) Hb(XT + Z(2,8),8) — b(XZ,5) — 0sZ(z,5))dW,
(132)

T
- %/ lo(XZ,8) H(b(XE + Z(2,5),8) — b(XE,5) — 0:Z(z, s))|?ds)] (133)
0

We have

T
V.EF(X)|Xog=2+2] =E[V.F(X + Z(z,")) exp(/o o(XE8) N W(XE + Z(z,5),8) — b(XT,5) — s Z(2,8))dW,
(134)
- 1/0 |0(X3,8) T O(XT + Z(2,5),8) — b(XZ, ) — 05 Z(2,5))|*ds) (135)

T
+F(X 4 Z(2,1) exp(/o (X7, 8) L (B(XT + Z(2,5),8) — B(XT, 8) — D Z(=, 8))dW,

(136)
- %/ lo(XZ, s)_l(b(Xf +Z(z,8),s) = b(XZ,s) — 0sZ(z, s))|2ds) (137)
0
T
(V. o(XZ, s)_l(b(X;” + Z(z2,8),8) —b(XZ,s8) —0sZ(z,8))dW, (138)
0
T
- %vz ) lo(X2,8) M (b(XT 4+ Z(2,5),8) — b(XZ,s) — 0,Z(z,5))|*ds)] (139)

16



Notice

V. / (W(XT + Z(2,5),8) — b(XZ,5) — 0:2Z(2,5))|*ds| .0 (140)
/ V.]o(XZ,s ( (XZ+Z(z,9),s) —b(X5,s) — asZ(z,s))|2\Z:0ds (141)
:/0 2(b(X% + Z(0,5),5) — b(XZ,5) — s Z(0, )T (0(XZ,8) "IV, (- )|.=0ds (142)
=0, (143)
and

T

V. / o(XZ, s)fl(b(Xf +Z(z,8),s) = b(XZ,s) — 0sZ(z,8))dWs (144)
0

:/O (V.Z(2,8)|.=0Vab(XZ,8) = V.0sZ(2,8)|.=0) (0(XZ, 5) ") T dW, (145)

Plug them in, we have
VLE[F(X)|Xo = 2] =V.E[F(X)|Xo = 2 + 2]|.0 (146)
=E[V.F(X + Z(z,"))]2=0 (147)
+ F(X)exp /T(VZZ(Z, $)]2=0Vab(XY,8) = V.0:Z(2,5)|.=0) (0(XT, )" TdW],
’ (148)
which completes the proof. O

Apply this formula on the g—i, we have

T
It — | [ | gl - ytoma(uv)| s+ gy vi = o]
t
aJ .0 _ 0 r 1 2 —
o — 2B ol [ [g5lod? — viogmulYolds + o(vi)|ve = o)

T 1
— B, [V, / (510 = Ylogm(wa[Y2)lds + g(¥)| Y = o]

From reparameterization trick

v. / ol (Ys 22, 8)) + 00(Ya + Z(z, )€l —(— 2 log(2mh) — dlog oo(¥s + Z(z, ) — 5€7elds

(149)
VgV + Z(2T)) (150)
T
— [ (GpalYi+ Z(0) + on(Yi+ 2 DO (Ve + 23 5) G (229) (151)
609 82 d’y 80’9 8Z
+§—(Y +7Z(z,8))— o (2,8)) + ooVt Z(2.5)) By (Ys + Z(z, ))&(z,s))ds (152)
+ %(YT + 2 T))‘Z (2. T). (153)
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Set z = 0, we have

V. / — o (Ys + Z(2,8)) + 09 (Ys + Z(2,5))€]> — 7(—@ log(27wh)) — dlogoe(Ys + Z(z,5)) — %fo]ds

(154)
Y g(Vr + Z(:.T)) (155)
z2=0
T
— [ (v + aure (e v 5 0. (156)
Oog 07 dvy Ooyg 07
+ §a—y(Y5)g(0, s)) + mafy(ys)g((h s))ds (157)
+ ?(YT)ZZ (0.7) (158)
T
— [ () + onr) 0" T + €50 + DT ) G 0,9 (159)
+ 2 52 0.7) (160)
The second term is easier to compute
T
([ (g5lh0(Y2)+ o(V2)el? = (=G lor(2eh)) = dlog on(Y.) = 5€7€)ds (161)
+oenn [ (GEO.0ETV) + 28 G000 + T FAVD) - 0w, (162)
Combining all of them
VBal [ (aglusl? ~ 0B (e Y)lds + g(¥r)| i = (163)
Yy ] 45 s s|ts t
= Bol | (55 nalYe)+ (YT TV + €AY + BTV 2 0, )ds (164)
T
GG OT)+ ([ (5l0(Y) + (Y€ (= os(2mh)) - dlogou(Y.) — 5" E)ds  (165)
T o 2
ot exs [ (20,072 + 2800 (10 + 750 00) - L 0.s)dwilYi =4l (166)
Thus
oJ . 4. T g dog dy 9oy YA
o) =Bl | (5 a0(0%) + ooV TV + €0+ ZAs TG0 (67
+ SO GO.T)+ ([ (5l0(Y) + o (Y)e = (=G og(2mh)) — dlog on(Y.) = 5€7E)ds
(168)
T oz 2y Doy 0*Z
a0 exp [ (GEO.(TVV) +28(F200) + €0 TN = 5 0.9)aW Vi =]
(169)

. . . . . . . o . . BJ
Suppose the reparameterization section Z is already selected. To distinguish the original expression of &

from its reparameterized form, we denote the latter one Lz J, and parameterize it as L?J (this notation is
taken from that of Lie derivative in differential geometry).
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Consider Ly loss

L‘/J(t7y’0) = ‘LgJ(t,y,G) - LZJ(t’y;ﬂ-)F (170)
T
< BalL5T(9.0) = [ (5500000 + oo (4T G2 + €520 + s TV F20.5)ds
(171)
T
T G 0T) + ([ (Galn(Y) + oulY)eP — 2(~ log(2rh) ~ dlogon(Y.) — 5€7€)ds
(172)
T o 2
s exp [ (G 0.9V (V) + 280 0) + € TV - S 0)aWil, (7)

which can be computed by simulation in online setting or by replaying in offline setting. The expectation
Ex can be approximated batch-wise, and we will denote the corresponding estimator Ly (t,y, ).

Remark 4.10. Note that the value function does not depend on any specific v, but on the average behavior
of m along the trajectories sampled.

This gives us the Hamiltonian on approximated LzJ

H(t,y, v, Ly (t,9,0), Vo Lig (£:9,9)) = [-VV(y) +280] - L3I (8., 6) + 8-V, Lp I (6,3,0) + 15 P
(174)
and the optimization step of policy becomes
1
0 « 0 — [log i (ve|t, Yy) — ;H(t,Yt,vt, LYJ(t,Y,,0),V, LY J(t, Vs, 9))1%(@ AR A (175)

Remark 4.11. The advantage of Girsanov reparameterization is that it does not involve derivatives of the
iniatial condition, which effectively avoids costly backpropagation along paths when the network is on a large
scale, at the expense of affecting the variance of the result by reparameterization section Z[10, Proposition
2, Theorem 2/, a new issue for achieving lower mean square error. We will tackle this problem by injecting
additional physics information via principal bundle theory.

Following the structure of its discretized counterparts in algorithm 1, we derive continuous time Soft
Actor Crictic without any discretization step.

Algorithm 3 Continuous Soft Actor-Critic (Conti-SAC) algorithm for SOC problem

Initialize policy parameters 6, Hamiltonian parameters 11, ¥9, empty replay buffer D, tradeoff constant
7, target parameter ©qrg,1 < V1, Ytarg,2 < Y2, smoothing parameter p, and selected reparameterization
section Z.
repeat
3: Observe state Y; and select action v; from distribution W%('|Yt) throughout 0 < ¢t < T.
Store trajectories (Y%, v¢)o<i<r in replay buffer D.
if it’s time to update then
6: for each gradient step do
Randomly sample a batch B of trajectories (Yz,v;)o<i<r from D.
For t; ~ Unif[0,T],1 < j < |B|, compute the targets for L?J

doy dy Oog o0z
Ty(YS)—F o (Y2) Dy s))&(oas)ds

W= / (35 10(Y2) + (V)T 2 (¥2) +

T
# o052 0.1) + (| (gliat¥e) + oulYa)el —(~ loa(arh) —dlogon(Ys) — 57 ds
T 2
s exp [ (G 0.9V (V) + 280V + € TV - 50, )aW,

Update LﬁJ by one step of gradient descent
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. 1 | N2 L
VuiLo = Vo o5 > (LY (hw.0) —yf)  forie {1,2}.
1<5<|B|

12: Compute Hamiltonian and update policy by one step of gradient descent

1
0« 0 — [log mh (ve|t, Yy) — §H(t, Yi, v, LY J(t,Y:,0), YV, LY J(t, n,e))]%(logw%(mt,y;))T (176)

where the reparametrization trick is used, that is

v =po(Yy) +00(Yy) - &, &~ N(0,VIly). (177)
15: Update target network
Uiarg,i < PUtargi + (1 —p); for i=1,2 (178)
end for
end if

18: until convergence

4.2.2 Continuous Generalization of GFlowNet

We could consider two generalizations to generalize GFlowNet to continuous adaptation: evaluate the differ-
ences in measure along given paths through the Girsanov theorem, a natural extension of trajectory balance
to continuous cases, or directly match the flow via Lo distance through flow matching.

Let use begin with trajectory balance situation. In discrete case, for fixed starting point, the trajectory
balance loss of GFN is given by

T-1 2
Pr(Y; Y:;
Lop = <log XHt F( t+At| t; ) ) (179)
R(YT) PB( t+At|Y;579 W)

where Pr and Pp are given by the transition probability of the SDE system representing the sampling
strategy, R(Yr) is the reaward, satisfying

1T1

R(Yr) = 43 > Atluf* + g(Yr) (180)
t=0
and x is the normalizing constant of R to be learnt.
Consider
T—1
Pr(Y; Y;; 0
log XHt O F( t+At| ty ) (181)
R(Yr) 152y Pp(YiiailVii 0, )

X - exp Yo log Pr(Yiy aclYi; 60)

= log = . (182)

R(Yr) - exp }_;_ log Pp(Yiia¢lYs 0, @)

Notice that ¢ = T' — t, we have
dYr_y = [~V (Yr_s) + 2807 — 2880 (vr—t, Yr—s, T — 1)]d(T — t) + \/2BdWr_, (183)
= dYr_; = [VV(Yr_4) — 2Bvr_¢ + 2855 (vp—¢, Yr—¢, T — t)]dt + \/2BdWr_, (184)
followed by

= Pe(YiadYis0)
log x —log R(Yr) + Y log —— = tratltt 185
gx — log R(Yr) Z & Py (YiVisar: 0, 0) (185)

T-1
Pg(Y1|Ys 0

=logx — log R(Yr) — Zl B(VilVit a6, ) (186)

Pr(Yiiae|Ys: 0)
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Notice, when we perform gradient descent, the Y;(w) here are specified trajectory in the replay buffer.
Taking limit, the equation above correspond to

Lo +=Ea(log x — log 5 (¥ () ~ log R(Yr))? (187)
where: dY; = [~VV (Y;) + 28v]dt + \/2BdW; ~ Q, (188)
dYp_y = [VV (Yr_y) — 2B8vp_y 4 2888 (vp_y, Yr_y, T — t)]dt + \/28dWr_y ~ M. (189)

Suppose a trajectory (Yi,v:),0 <t < T is taken from the replay buffer, we have

T _ (1) B

LC%I - eXp(—/0 2VV(¥:) — 4Bv. +;§Sw IR OY d) dW, (190)
1 (T 2VV(Y;) — 48v; + 2858 (v, Y3, T — 1))?

-3 /0 % ds), (191)

from Girsanov’s theorem.
Finally, we have

T OVV(Y,) — 4Bv; + 2858 (vr, Vi, T — 1)

Lo = Ex(logx + aw, 192
TB H( g X 0 m ( )
T - (1) )2
+%/ @VV(¥) — 45v +22§8“ o Yo T =) 1 1o R(V)2. (193)
0

Remark 4.12. Although we use experience replay in offline training, we do not detach v4 from that
graph,that is, 0, w, x are updated simultaneously.

The flow matching loss is easier to compute, but requires additional backward trajectory samples.
Lrm = Et~[0,T]EH|thomard - Ytbadmard‘% (194)

We present the pseudocode for continuous GFN under the flow matching case.

Algorithm 4 Continuous Generative Flow Network (Conti-GFN) algorithm for SOC problem (flow
matching version)

Initialize GFlowNet 6, , partition function x and empty replay buffer D.
repeat
Collect a set of paths (Y;/"™**)o<;<r by interaction with forward policy v%.
4: Collect a set of paths (Yackward), o by interaction with backward policy v%, s..
if it’s time to update then
Get mini-batch B sampled from D
Sample a batch of update time ¢ ~ [0, 7]
8: Update GFlowNet

| B

A 1 orwar ackward,

Lry = 1B] E |th bk Ytb fwardk2, (195)
k=1

end if
until convergence

5 Variance Reduction via Principal Bundle Theory

In this section, our main focus lies on how to select a reparameterization flow Z(z,t) that fully leverages
physics information available by principal bundle theory. We present our "physics-informed reparameteri-
zation" beginning with an overview of equivariant flow in section 5.1, then we delve into the relationship
between reparameterization and variance in section 5.2, and ultimately, we outline our innovative reparam-
eterization method grounded in principal bundle theory in 5.3.
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