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ABSTRACT

This paper studies the problem where a learner aims to learn the reward func-
tion of an expert and a policy to interact with the expert from interactions with
the expert. We formulate the problem as a stochastic bi-level optimization prob-
lem where the lower level learns a reward function that explains the behaviors
of the expert, and the upper level learns a policy to interact with the expert. We
develop a double-loop algorithm, General Scenario Interactive Inverse Reinforce-
ment Learning (GSIIRL), which solves the lower-level optimization problem in
the inner loop and the upper-level optimization problem in the outer loop. We for-
mally guarantee that GSIIRL converges at the rate of O(1/y/K) and empirically
validate our algorithm through simulations.

1 INTRODUCTION

Inverse reinforcement learning (IRL) aims to recover a reward function and a corresponding policy
that best explain an expert’s behavior given the expert’s demonstration trajectories. IRL has been
applied across diverse domains, including robotics (Ziebart et al., | 2008;|Okal & Arras},2016), cyber-
security (Zhang et al.l[2019; Elnaggar & Bezzo,2018)), and biology (Hirakawa et al.| 2018};|/Ashwood
et al.l 2022). In standard IRL, the expert’s demonstration trajectories are assumed to be fixed and
unaffected by the learner, as the learner passively observes the expert and learns from these demon-
strations without influencing the expert’s behavior. However, recent applications (Palaniappan et al.,
2017; Biining et al.l [2022; [Kamalaruban et al.l 2019) have motivated an interactive form of IRL
where the learner actively interacts with the expert to infer the reward function and policy through
these interactions. For example, a robot needs to infer a human’s intended destination in a maze
and then open the appropriate doors to help the human reach that goal (Biining et al.,[2022). In this
scenario, the learner (robot)’s actions (e.g., opening different doors) directly influence the expert
(human)’s trajectory, violating the standard IRL assumption of passive observation and rendering
conventional IRL methods inapplicable.

To bridge this gap, this paper studies interactive IRL, where a learner interacts with an expert to
learn a reward function that explains the expert’s behavior (i.e., such that the expert’s trajectories
are optimal under the learned reward) and a policy for effectively interacting with the expert. In
this interactive setting, the learner is not merely an observer but an active participant: by interacting
with the expert, the learner can influence the expert’s trajectories. Consequently, if the learner’s pol-
icy changes, the expert’s trajectories may change accordingly. Consider a scenario where a human
(expert) and a ground mobile robot (learner) share a 2D environment while navigating to their re-
spective destinations. The human has the right-of-way, so the robot must either slow down or detour
to allow the human to cross first. At the same time, the robot is trying to reach its own destination
as soon as possible. Thus, the robot has a human-independent objective (e.g., reaching its destina-
tion) as well as a human-dependent objective (e.g., bypassing the human). Accordingly, the robot’s
reward function can be decomposed into a human-independent part and a human-dependent part.
For example, in (El-Shamouty et al., 2020), the reward function is defined by two terms: the robot’s
distance to its goal and whether a collision with the human occurs.

Motivated by this example, this paper assumes that the learner’s reward function can be decomposed
into an expert-independent component and an expert-dependent component. In our interactive IRL
framework, the relationship between the learner’s and the expert’s reward functions is more general
than those in fully cooperative interactive IRL (Palaniappan et al.l 2017} |Biining et al., 2022; |Ka-
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malaruban et al.l [2019; Hadfield-Menell et al., 2016)) and fully competitive interactive IRL (Zhang
et al., 2019; [Wang & Klabjan, 2018)) settings. In the fully cooperative case, the learner and the ex-
pert share an identical reward function, whereas in the fully competitive case, the learner’s reward
function is the negation of the expert’s reward function.

The interactive IRL problem of interest is closely related to RL (Lowe et al., 2017; | Yu et al.} 2022;
Kuba et al., [2021)), and classic IRL (Lin et al., 2019; [Yu et al.| 2019} [Liu & Zhu, [2022). However,
standard RL algorithms are not applicable to our setting because they require access to state-action-
reward tuples of the expert, which are unavailable in interactive IRL. Similarly, classical IRL al-
gorithms require passive observation, whereas in our setting, the learner actively interacts with the
expert. These limitations also apply to multi-agent RL (MARL) and multi-agent IRL. (MA-IRL),
respectively. Detailed comparisons will be further elaborated in Section

Contribution. This paper makes four main contributions. First, we study an interactive IRL prob-
lem, where the learner learns a reward function to explain the expert’s behaviors and a policy to
interact with the expert. We formulate this as a stochastic bi-level optimization problem in which
the lower level learns a reward function to explain the expert’s behavior and the upper level learns
a policy to interact with the expert. Second, we develop a double-loop algorithm, General Scenario
Interactive Inverse Reinforcement Learning (GSIIRL), to solve the bi-level optimization problem,
with an outer loop handling the upper-level optimization problem and an inner loop handling the
lower-level optimization problem. A key challenge in this approach is computing the hypergradient
(the gradient of the upper-level objective function), since it involves an intractable Hessian. We
address this by using simultaneous perturbation stochastic approximation (SPSA) (Spall, [1992) to
approximate the hypergradient, reducing the computational complexity per outer-loop iteration from
O(T?) to O(T), where T is the maximum trajectory length. Third, we theoretically guarantee that
the algorithm converges at a rate of O(1/v/K), where K is the number of outer-loop iterations.
Fourth, we validate our algorithm through four experiments and show that GSIIRL performs com-
parably to benchmark methods (MARL and MA-IRL) that require additional information (either the
expert’s reward function or learner’s optimal demonstrations).

2 RELATED WORK

IRL and multiagent IRL (MA-IRL). As (Ng & Russell,|2000) mentioned, IRL faces the challenge
that the demonstrated trajectories can be explained by multiple reward functions. Several approaches
have been proposed to address this challenge. The current state-of-the-art IRL methods include max-
imum margin IRL (Ng & Russell, 2000; Abbeel & Ng| [2004)), maximum entropy IRL (Ziebart et al.,
2008;|2010), maximum likelihood IRL (Zeng et al.,2022;2023)), and Bayesian IRL (Ramachandran
& Amir, 2007} (Choi & Kiml [2012). However, these methods all focus on single-expert scenarios.
MA-IRL extends IRL to settings with multiple experts, where one or more learners recover the re-
ward functions of multiple experts from their demonstrations (Lin et al.l |2019;|Yu et al., 2019; Liu
& Zhul |2022). These MA-IRL approaches still assume that the learners are isolated from the experts
(i.e., no direct interaction between them) and thus cannot address interactive IRL scenarios.

Fully cooperative and fully competitive interactive IRL. Prior work on interactive IRL has pri-
marily explored two cases: fully cooperative and fully competitive scenarios. In the fully cooperative
setting, the learner and expert share the same reward function, and their interaction is formulated
as a cooperative game (Palaniappan et al., |2017; Biining et al.l 2022; [Kamalaruban et al., 2019;
Hadfield-Menell et al., |2016). In this case, the learner’s objective is to recover the expert’s reward
function. In contrast, the fully competitive setting assumes the learner’s reward is the negative of the
expert’s reward, leading to a zero-sum game (Zhang et al., 2019; Wang & Klabjan, 2018). Here, the
learner aims to learn an objective that directly opposes the expert’s reward. Both of these approaches
impose strong assumptions on the relationship between the expert’s and learner’s reward functions,
specifically assuming they are either identical or exact opposites. In this paper, the relationship
between the reward functions of the learner and the expert is arbitrary.

Bi-level optimization. Bi-level optimization has been applied to many machine learning prob-
lems, including meta-learning (Lee et al., 2019; [ Xu & Zhu, 2022), hyperparameter optimization
(Pedregosa, [2016; Xu & Zhul 2023)), and IRL (Liu & Zhul [2022}2024). A classic approach to such
problems is the descent method (Kolstad & Lasdon, [1990; |Xu & Zhu, |2023)). This method typically
requires computing the second-order Hessian of the lower-level objective function, an operation that
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is prohibitively expensive to compute in our setting. A common strategy to avoid explicitly com-
puting the Hessian is to approximate it using finite differences (Strikwerda, [2004). In this paper,
we further reduce the computational burden by adopting the SPSA method, which perturbs all di-
mensions of the decision variable simultaneously and therefore requires only two objective function
evaluations per iteration.

3 MODEL AND PROBLEM STATEMENT

In this section, we introduce the interactive IRL problem.

Markov Game model. We model the interactions between a learner and an expert as a finite horizon
Markov Game MG) (S, A, P, T, r1q + 71i,7e,7)- The elements of the MG are defined as follows:

e S 2 5,%5, is the continuous state space where S; and S, are the state spaces of the learner
and the expert, respectively. We denote s = (s;, ) € S, with s; € S; and s, € S..

+ A2 A; x A, is the joint action space, where A; and A, are the continuous action spaces
of the learner and the expert, respectively. We denote a = (a;,a.) € A, with a; € A; and
ae € A..

» P(s'|s,a) is the transition probability density for moving from state s to s’ by taking joint
action a.

* T is the finite time horizon.

* 114+ r; is the reward function of the learner, consisting of two parts: the expert-dependent
reward function ;4 and the expert-independent reward function r;;. The function ;4 maps
full state-action pairs (s, a) to bounded rewards, and r;; maps learner-only state-action pairs
(s1, a;) to bounded rewards.

* 1, is the expert’s reward function, mapping state-action pairs (s, a) to bounded rewards.

* v € (0, 1] is the discount factor.

We define m;(a;|s) as the learner’s policy and 7. (a.|s) as the expert’s policy. The joint policy is
defined as 7(a|s) = m(a;|s) x 7.(ac|s), which represents the probability density of the learner
taking action a; and the expert taking a. at state s. When the joint policy 7 is executed, the MG

generates a trajectory ¢ = s°,a°,s',a', -, (T oT-1),

The learner’s policy 7; aims to maximize the cumulative reward E™7e [ZtT;()l Yi(ra(st, at) +
ri;(st, a}))]. Analogously, the expert’s policy 7. aims to maximize E™™ [Zfz_ol Yire (st al)].

Knowledge and goal of the learner. The learner does not know the expert’s reward function r. but
knows its own expert-independent reward function ;. It can observe state-action pairs (s, a) and
interact with the expert. Based on the trajectories collected during the interactions, the learner aims
to recover the expert’s reward function r, and compute the optimal joint policy 7*.

Benefits of learning reward functions. As noted by the seminal work (Ng & Russell, [2000), “the
reward function is the most succinct, robust, and transferable definition of the task”. When the
transition probabilities of a Markov Game substantially change, the policy needs to be retrained,
but the underlying reward function can remain the same. Furthermore, learning a human’s reward
function can facilitate the robot’s policy learning (Biining et al., 2022)). If the ground-truth r;4 and r,
are sparse, learning dense reward functions to approximate them can accelerate the policy learning
while leaving the optimal policy unchanged (Memarian et al.,|2021)). Given the importance of reward
functions, we include learning r, as a central goal for the learner.

We next discuss the distinctions between interactive IRL and related problems, including RL, IRL,
fully cooperative interactive IRL, and fully competitive interactive IRL.

Distinctions from RL. In our interactive IRL setting, the learner’s objective explicitly includes
learning the expert’s reward function r, from observed expert trajectories. These trajectories con-
tain implicit information about . because they are generated by the expert’s policy 7., which max-
imizes the expected cumulative reward E™ e [ZtT:*Ol ~ire(st, at)]. Model-free RL algorithms are
not designed to learn reward functions. Model-based RL algorithms, on the other hand, can learn
the expert’s reward function given complete state-action-reward tuples. However, in our case, the
learner only observes state-action pairs without access to the expert’s reward signals, making model-
based RL approaches also inapplicable. Similarly, MARL algorithms, as extensions of standard RL
to multi-agent settings, inherit this limitation and thus cannot address interactive IRL problems.
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Distinctions from IRL. In classical IRL, the learner passively observes expert demonstrations and
has no influence over the expert S behavior The expert’s policy 7/, results from maximizing the ex-

pected cumulative reward E™e [Et o V're(st,al)]. Specifically, the expert’s action depends solely
on its own state, and its trajectories are determlned entirely by its policy and the environment dy-
namics. In contrast, interactive IRL is formulated within an MG framework, where the learner and
expert interact with each other. In this setting, the expert’s actions depend on the joint state of both
the expert and the learner. Thus, the learner’s policy influences its own state, which in turn affects the

joint state, thereby affecting the expert’s actions and resulting trajectories. Here, the expert’s policy

T maximizes the expected cumulative reward E7"e [ngol vire(st, at)], explicitly incorporating

the learner’s policy m;. Due to these fundamental differences, classical IRL algorithms are unsuit-
able for interactive IRL problems, including ours, fully cooperative IRL (Palaniappan et al., 2017;
Biining et al., 2022} [Kamalaruban et al.| [2019; Hadfield-Menell et al.| |2016) and fully competitive
IRL (Zhang et al.l 2019; |Wang & Klabjan, 2018). MA-IRL, as an extension of IRL to multi-agent
settings, inherently shares this limitation and thus cannot address interactive IRL problems.

Distinctions from fully cooperative and fully competitive interactive IRL. Fully cooperative
interactive IRL settings (Palaniappan et al., [2017 Blining et al.| [2022; [Kamalaruban et al., 2019;
Hadfield-Menell et al.l [2016) assume that the learner’s and expert’s reward functions are identical.
Fully competitive interactive IRL settings (Zhang et al.l 2019;|Wang & Klabjan, |2018) assume that
the learner’s reward function is the negative of the expert’s reward function. In our interactive IRL
setting, the relationship between the learner’s and the expert’s reward functions can be arbitrary,
which encompasses both identical and opposite cases.

4 PROBLEM FORMULATION AND BI-LEVEL SETUP

In this section, we formulate the learning problem in Section 3] as a bi-level optimization problem
where the lower-level optimization problem learns the expert reward function r. and the upper-level
optimization problem learns the optimal joint policy 7*.

Recall that r. and r;4 are unknown to the learner. The learner uses a parametric function rg, to
estimate 7. and uses 7y, to estimate 74 where 6.,6; € © 210])16]|2 < 1}.

We define the policy 7, ., as the optimal joint policy when the learner’s reward function is rg, + 7
and the expert’s reward function is r.. Analogously, given reward functions rg, + r;; and rg, for the
learner and the expert respectively, the optimal joint policy is 7, g, -

Learning eXpeI’t’S reward function Tee The The learning process of 7ig
learner aims to infer the expert’s reward func- MARL [ Policy | RL [ Chooseanewt; to J
tion according to the given estimate rg,. Dur- (e \_maximize f(6:,62(01)
ing interactions between the learner (using 7g,)
and the expert (using the ground-truth reward ‘ The learner with reward }_ )
1 . function 74, 6:(6:)

function r.), the learner collects a set of trajec- |\ % |

. IRL
tories Del sTe {C’L =1 generated by the pOhCy MARL ity g H Collect demonstration
o, ,r,- Since the expert utilizes the ground-truth e set Doy,

e . . . The expert with reward
reward function 7., the trajectories recorded
from the interactions are the demonstrations of The learning process of 7

the expert. Given that the learner knows rg,, Fi I Flowch £ th 1 )
inferring r. from collected demonstrations is ' 1guré 1: Flowchart of the overall learning pro-

a special case of the standard two-agent IRL cess. The process of learning r;q is ineluded i.n
problem (Cin et al, 2019 [Yu et al}; 2019} [Liu the upper block, and the process of learning r. is

& Zhul 2022) with one of the reward functions included in the lower block.
known to the learner. This learning procedure, depicted in the upper block of Figure [I] can be
formulated as the following maximum likelihood IRL (ML-IRL) problem:

0%(6;) = argmin L(0;,6.), (1)
e

e

where the loss function is L(6;,6.) = Zz L Zf o Inmg, g, (a']s7)] + 2010e13, (a',s%) € ¢; €
Dy, r,. This ML-IRL approach seeks a reward parameter 9*(9;) such that the associated reward
function - (4,) maximizes the likelihood of generating the observed trajectories in Dy, .. With a
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given g, , the policy 7y, ox(q,) induced by the learned expert’s reward function ry- (g, is expected to
produce the same trajectory from the policy 7y, ;... Notice that the maximum likelihood estimation
has been extensively applied in IRL (Ziebart et al., |2008; [2010). Additionally, to promote simpler
reward structures, an Ly regularization term 3 [|0.[|3 with a small positive scalar X is incorporated.

Learning the joint policy 7* and the expert-dependent reward function ;4. Given a learner’s
reward parameter 0;, the learner solves problem (1)) to obtain the expert’s reward parameter 67 (6;)

and the corresponding policy 7, - (g,). The learner’s objective is to learn a parameter ¢; such that the

policy 7y, g+ (5,) maximizes the cumulative reward E™% %) S A (ria(st, at) + (st ab)).

This learning process is depicted in the lower block of Figure[I]and formulated as follows:

T-1
areg rr(l)in f(6,,0%(0,)) & —E™0-0x 00 [Z i(ra(st, at) + (st ab))] ()
160 t=0

To solve the problem (2), the learner needs to interact with the expert and receive the reward values
of 74(st,a’). The learner updates the parameter 0, via policy gradient by computing the gradient
Vo, f(01,0%(0;)), as the policy itself is parameterized by 6;.

Overall learning process. The entire learning procedure exhibits a hierarchical structure. Given the
current learner’s reward parameter ¢;, the lower level solves the ML-IRL problem () to determine
the expert’s reward function ry- (y,). The upper level optimizes the expert-dependent reward function
9, to solve the RL problem @I) This hierarchical optimization framework is illustrated in Figure [I]
and can be formulated as a bi-level optimization problem:

argmin  f(0;,0%(0;)), st 0%(0,) =argmin L(6,,0.). 3)
0,€0 0.€0

Once 79: (9r) and oy are determined, the joint optimal policy g« o- (o) is readily computed.

5 ALGORITHM

In this section, we develop a double-loop algorithm named GSIIRL (Algorithm [T) to solve the bi-
level optimization problem described in (3). In each k-th outer loop iteration, the learner partially
solves the lower-level optimization problem within an inner loop and subsequently employs this
intermediate solution to tackle the upper-level optimization problem through an outer loop. The
specifics of the inner and outer loops are detailed in Sections [5.1)and [5.2] respectively.

5.1 INNER LOOP

At each iteration ¢ of the inner loop, the learner updates the parameter 6.(t) via projected
SGD. Specifically, 6.(t) is updated by moving in the opposite direction of the partial gradient
Vo, L(0;(k),0.(t)) and projecting the resulting parameter back onto the feasible set ©. The an-
alytical expression of the gradient Vy_L(0;, 6. ) is provided in the following lemma.

Lemma 1. The gradient Vo, L(0;,0.) = pe(mo,0.) — ite(Do, r,) + Ae, where (7o, 0,) £

Bt [Y3 g 9 Va,ro, (%, a0 e(Davr,) & 3 520 S50 1" Vo,ro, (57, ai), and (s, o) €
gi G Del,rg

The inner loop uses t;-step projected gradient descent 0, (t41) = Ilg (0. (t)—5: Vo, L(0i(k), 0.(t)))
to obtain an expert reward estimate 7g_;, —1).

5.2 OUTER LOOP

At k-th iteration of the outer loop, the learner updates the parameter 6, (k) via projected SGD. Similar
to the inner loop, this update requires computing the hypergradient V f (6;(k), 6. (k)). The analytical
form of V f(0;(k), 0.(k)), which is widely used in bi-level optimization problems, is presented in
the following lemma.

Lemma 2. The analytical expression of the hypergradient ¥V f(6;,0.) used for updating 0, is
Vglf(tgl,ee) — VglgﬂL(eh96)[V36L(91,96)]_1V06f(91796) (Xu & Zhu, 2023 |Ghadimi & Wang.
2018} |Colson et al.} |2007).
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Algorithm 1 General Scenario Interactive Inverse Reinforcement Learning (GSIIRL)

Initializes 6;(0) € ©,0.(0) € O, step size sequence {«y}, {5}, regularization parameter A and
integer sequence {t;}
fork=0,1,--- K —1do
0 (0) = ae(k)
Samples the trajectory set Dy, (),r.
fort =0, - ,tx — 1 do
Calculates Vi, L(6;(k), 0.(t)) following Lemmal[l]
Oc(t +1) =Ile(be(t) — B: Vo, L(61(k),0c(1)))
end for
Oc(k) =0.(tx, — 1)
Initializes the random vector A (k) and the positive scalar p(k)
Gets V5,9 L(01(K), 0. (k)), V5 L(0i(k),0c(k)), Vo, f(61,0.) and Vi, f(6;,6.) through
SPSA approximation following equation
Calculates [V2 L(6;(k), 0.(k))] "' Ve, f(0:(k), 0. (k)) following equation H
Calculates V f(6;(k), 8. (k)) following equation

0y(k +1) =T (01(k) — arxV f(0i(k), 0e(k)))
end for

Computing V f(6;(k), 0. (k)) involves the partial gradients Vg, f(6;,0.), Vg, f(6;,0.), the Jacobian
V3,6, L(01,0.) and the inverse Hessian [V L(6;,6.)]~". However, directly calculating these quan-
tities has a large computational complexity of O(T?). To address this issue, we adopt the SPSA
method, which reduces computational complexity to O(T'). A detailed discussion on the compu-
tational complexity reduction is provided later in Theorem [I] Using SPSA, the learner obtains

the estimated hypergradient V f(6;(k), 6. (k)), which serves as the gradient approximation in the
projected SGD update. To calculate V f(0;(k),0.(k)), the learner estimates Vy, f(0;(k), 0.(k)),
V0. L(0i(F),0c(k)), Vi L(0i(k), 0. (k)), and Vg, f(0;(k), 0c(K)). Let us take Vi L(6;(k), 0 (F))
as an example to illustrate SPSA. According to the equation (2.2) in (Spall,[1992), it is approximated
as follows:

2 Ag, Ag, T
VGEL(Gl(k)ﬁe(k)):[m A | “4)

where Ay, = Vo, L(0;(k),0.(k) +p(k)A(k)) — Vo, L(0,(k), 0.(k) — p(k)A(k)), the perturbation
A(k) € R™ is a vector of m mutually independent zero-mean random variables and each element
of A(k) satisfies |A; (k)| < ag, E|A; (k)| < aq,i = 1,--- ,m with ag, o as positive constants.
The parameter p(k) is a positive scalar.

Referring to equation , the computation of Vg, f(6;(k), 0 (k)) requires f(6;(k),0.(k)) with
weight perturbations on 6;(k). Analogously, computing Vg, f(0;(k), e (k)), ?ch(Gl(k), 0.(k)),
and ?gleeL(el(k),He(k)) requires f(6;(k),0.(k)), Vo, L(0i(k),0.(k)), and Vg, L(0;(k),0(k))
with weight perturbations on 6.(k), respectively. Notice that the analytical expression of
f(0i(k),0.(k)) and Vo L(0;(k),0.(k)) are shown in optimization problem and Lemma
respectively.  Similarly to Lemma [I| the gradient Vg, L(0;(k),0.(k)) £ (7o, (k),60.(k)) —
(D, (k),r.) and the proof is given in the Appendix The expectation 1i(7g, 9,) =
E7ov0e [Zthfol vV, 19, (8%, a")] is the reward gradient expectation of the learner and the empir-
ical expectation fi;(Dg,r,) 2 130 STyt (s, a), (s, ai) € ¢ € D,,. is the
estimated reward gradient expectation of the learner.

To compute the hypergradient Vf(0;(k), 0. (k)), we must ensure that the estimated Hessian
V5. L(0:(k), 0. (k)) is invertible. Since the negative log-likelihood function is convex and the Ly

regularization term is strongly convex, the overall function L(6;(k),6.(k)) is strongly convex.
Hence its Hessian is positive definite. By choosing suitable A(k) and p(k), we ensure that the

estimated Hessian @ECL(Hl(k), 0.(k)) is positive definite. Since directly inverting a matrix is com-
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putationally expensive, we use the conjugate gradient method to compute the product
[@35 L(el (k)? 06 (k))] _1$06 f(gl (k)7 96 (k))
1 re . (&)
= min §uTV36L(91(k‘), 0. (k))u —ul' Vo, f(01(k),0.(k)).

Finally, using Vi, (6 (), 0. (k)), @zlge L(6,(k),0.(k)), and the result from conjugate gradient, we
compute the estimated hypergradient

VF(0u(k),0c(k))
= Vo, f(0u(k),0c(k)) — V5,0 L(01(k), 0c(k)) [V, L(O1(E), 0c (k)] ' Vo, f(0i(k), 0c (k).

After K iterations, the outer loop terminates, yielding 7, x), 7o, () and 7o, (x),0. (i)-

(6)

6 ANALYTICAL RESULT

In this section, we present our analytical results regarding computational complexity reduction and
convergence rate. To facilitate our analysis, we impose the following assumption on the estimated
reward functions g, and g, :

Assumption 1. The estimated expert-dependent reward function rg, and the estimated expert reward
Sfunction rg, are fourth differentiable, i.e., C' 4

Since ¢; and 6. lie in compact sets, Assumption[IJimplies that the derivatives of the reward functions
rg, and 7y, are bounded. Such boundedness of higher-order derivatives is a standard assumption in
the literature and has been widely adopted in bi-level optimization (Jin et al.,[2020; Zeng et al., 2022;
Liu & Zhu, 2023a), RL (Wang et al.,[2019; |Zhang et al., |2020), and IRL (Liu & Zhul 2023b)).

6.1 COMPUTATIONAL COMPLEXITY

The computation complexities of computing V f(6;,0.) and V f(6;, 0.) are shown in Theorem

Theorem 1. Consider T as the decision factor, the computational complexity of computing
Vf(0,0.) is O(T?) and that of computing ¥V f(0;,0.) is O(T).

Applying SPSA to approximate V f(6;, 0.) reduces the per-iteration computational complexity of
the upper-level problem from O(T?) to O(T). The proof of Theorem [1|is in the Appendix
Compared to finite-difference methods, SPSA requires fewer policies for the approximation. In
SPSA, a single random perturbation of 8; or 6. yields two policies (one for the positive perturbation
and one for the negative perturbation). In contrast, the finite difference approach requires two poli-
cies for each parameter dimension. Each policy is generated via MARL, so the computational cost
of producing these policies is non-negligible. As SPSA requires fewer policies, its overall compu-
tational cost of SPSA is lower than that of finite difference methods. Finite-difference methods, in
turn, have a lower computational cost than explicitly computing gradients.

6.2 CONVERGENCE RATE

The convergence of our algorithm is shown in Theorem [2]

Theorem 2. Suppose Assumptionholds, by choosing p(k) = %, ap = Lfi/?’ iy = [L;H}, the
. K-1 .
following convergence guarantee holds: % Yoo ElIVIOi(k),0; G()N)?] < O(\/%)

Theorem [2|indicates that the expected hypergradient decays at a rate of O( \/%), matching the con-
vergence rate of standard bilevel optimization (Ghadimi & Wang] [2018)). This implies that the bias
introduced by SPSA does not slow convergence compared to standard bilevel optimization. Corol-
lary 2.1] shows that the linear reward function 7, is a sufficient condition for the convergence of
the policy mp,. Convergence of the cumulative reward difference has been widely used to infer
convergence of the learned expert policy (Rhinehart & Kitani, 2017} |Renard et al.| 2024)).

Corollary 2.1. If the reward function rg, is linear, the cumulative reward difference between the

learned expert policy mp, and . decreases at a rate O( é/l?)
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7 EXPERIMENT

In our experiments, we evaluate GSIIRL on four widely used environments. The Multi-Agent Par-
ticle Environment (MPE) (Lowe et al.l 2017 [Terry et al.l 2021} [Yu et al., |2022)) involves particle
agents that can move, communicate, observe one another, push each other, and interact with fixed
landmarks. The StarCraft Multi-Agent Challenge (SMAC) (Samvelyan et al.|[2019; |Yu et al.} 2022}
Rashid et al.,|2020) is designed based on the real-time strategy game StarCraft II. The Human-Robot
Interaction environment (El-Shamouty et al.,|2020; |[Fan et al., 2020} [Zhu & Zhang, |2021) models a
navigation scenario in which a robot interacts with a human; the corresponding results are reported
in Appendix Section[A.9.3] The security environment (Zhang et al., 2019;[2021) involves automated
defense systems; the results are presented in Appendix Section

We compare GSIIRL with four baseline algorithms: the MARL algorithm (Lowe et al.| 2017),
the MA-IRL algorithm (Ziebart et al.l 2010), the cooperative interactive IRL (CIRL) algorithm
(Blining et al., [2022), and the maximum likelihood IRL (ML-IRL) algorithm (Zeng et al., |2022).
Since none of these baseline algorithms can directly address the interactive IRL problem, we adapt
the experimental setup to make them applicable. Specifically, for MARL, we assume that both
the learner and the expert know their reward functions. For MA-IRL, we provide demonstrations
sampled according to ground-truth reward functions of both the learner and the expert. For CIRL, we
assume that the expert-dependent reward function of the learner is identical to the expert’s reward
function. For ML-IRL, we assume that the learner has access to demonstrations generated by a
policy through MARL with the learner’s initial and the ground-truth expert reward functions.

The MARL baseline serves to illustrate the best achievable performance among all related algo-
rithms. The MA-IRL baseline evaluates whether our algorithm can reach similar performance with
less information. The CIRL baseline demonstrates that cooperative interactive IRL algorithms are
only suitable for fully cooperative cases of interactive IRL problems. The ML-IRL baseline shows
that conventional IRL algorithms are not well-suited for interactive IRL problems.

7.1 MULTI-AGENT PARTICLE ENVIRONMENTS
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—— MARL 'E -20
° — MA-RL ©
° -
g 40 CIRL % 30
] —— ML-IRL )
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Figure 2: MPE simulation results. Left: Agent’s reward. Right: Adversary’s reward. The horizontal
lines show the cumulative rewards from a MARL method that has access to the ground-truth reward
functions after convergence. In contrast, other methods learn the reward functions from demonstra-
tions and interactions, respectively. In each iteration, we compute the policies of both the adversary
and the agents via MARL using the currently learned reward functions. We then evaluate these poli-
cies using the ground-truth reward functions.

We use the physical deception environment in the MPE for our simulation. This environment in-
cludes one adversary, two cooperating agents, and two landmarks. One of the landmarks is the target
landmark. The cooperating agents know which landmark is the target, whereas the adversary does
not. The cooperating agents aim to have one of them approach the target as closely as possible while
preventing the adversary from reaching it. Conversely, the adversary aims to identify and reach
the target landmark. We treat the two cooperating agents as a single learner and the adversary as
the expert. Both the learner and the expert have continuous state and action spaces. The learner’s
state space is 10-dimensional and the expert’s is 8-dimensional, and each has a 5-dimensional action
space. Other details are provided in Appendix Section

Because the two agents cooperate and share a common reward, we plot a single cumulative reward
curve for both. Figure [2] presents results for two randomly initialized reward functions updated
over 50 iterations. Initially, both the adversary and the agents act randomly, and the cumulative
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rewards differ significantly from those of the MARL baseline. As more data are collected, the
agents gradually learn their own goal and the adversary’s goal, leading the cumulative rewards of
GSIIRL and MA-IRL to converge to that of MARL. In contrast, CIRL and ML-IRL fail to do so.

7.2 STARCRAFT MULTI-AGENT CHALLENGE

o 10

20 30
Iteration number

Figure 3: SMAC simulation results. Left: A screenshot of the game. Middle: Cumulative reward.
Right: Win rate. The cumulative rewards are computed in the same manner as described in Figure
[2l Similarly, the win rates are computed based on the policies corresponding to the learned reward
functions. The agents are considered victorious when they defeat the enemy.

We use the scenario 2s_vs_lsc from the SMAC for our experiment. In this scenario, two agents co-
operate to defeat a single, more powerful enemy unit (which is controlled by a built-in AI). Because
the environment does not expose the enemy’s state or action information, the enemy’s reward func-
tion cannot be learned directly. We therefore designate one agent as the expert (with access to the
ground-truth reward function and the optimal cooperative strategy to defeat the enemy) and the other
agent as the learner. The learner’s goal is to infer the expert’s strategy and learn to cooperate with
the expert accordingly. Since this setting is fully cooperative, the agents share a common reward;
accordingly, we ignore any expert-independent component of the learner’s reward and consider only
the expert-dependent component. Both agents have a continuous 17-dimensional state space and a
discrete action space of size 7. Additional implementation details are provided in Appendix [A.9.2]

Because the two agents share the same reward, we report a single cumulative reward curve. The
middle panel of Figure [3| shows that the cumulative rewards of GSIIRL and MA-IRL converge to
that achieved by MARL, mirroring the trend observed in Figure 2] Since this scenario is fully
cooperative, the cumulative reward of CIRL also converges to that of the MARL, whereas ML-IRL
does not. We further evaluate performance using the agents’ win rate. At each iteration, we obtain
the agents’ policies via MARL with the current learned reward functions. Each learned policy is then
evaluated over 100 independent trials, and the win rate (the fraction of trials in which the agents
defeat the enemy) is recorded. The right panel of Figure |3| shows that the win rates of GSIIRL,
MA-IRL, and CIRL converge to that of the MARL baseline, while ML-IRL fails to do so.

7.3 RESULTS ANALYSIS

From Figures [2]and [3] we conclude that CIRL is effective only in fully cooperative cases, and ML-
IRL is not suitable for interactive IRL problems. We therefore focus on comparing the cumulative
rewards achieved by MA-IRL, GSIIRL, and MARL across the four experiments. Figure[2]and Figure
[3|show that the cumulative rewards of MA-IRL and GSIIRL converge to those of MARL. The final
cumulative rewards of GSIIRL are comparable to those of MA-IRL and MARL, differing by at most
5%, and a table with numerical cumulative reward comparison in shown in Appendix Notably,
GSIIRL requires less information than MA-IRL: it relies only on the expert’s interactions with the
environment and the corresponding values received during the interactions. In contrast, MA-IRL
requires demonstrations generated using the ground-truth reward functions of both the learner and
the expert, whereas MARL assumes full knowledge of the ground-truth reward functions.

8 CONCLUSION

We develop a general interactive IRL framework that enables a learner to infer an expert’s reward
function and learn an appropriate interaction policy through interactions with the expert. This frame-
work releases the strong assumption on the learner’s and the expert’s reward functions. We propose
the GSIIRL algorithm and provide a theoretical analysis of its convergence rate. Experiments in
both continuous and discrete environments demonstrate the effectiveness of GSIIRL.
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9 ETHICS STATEMENT

This work does not involve human subjects or sensitive personal data. All experiments are conducted
on publicly available simulation benchmarks.

10 REPRODUCIBILITY STATEMENT

The details of the experimental setup are provided in Appendix[A.9] and the source code is included
in the supplementary material to facilitate reproducibility.

REFERENCES

Pieter Abbeel and Andrew Y Ng. Apprenticeship learning via inverse reinforcement learning. In
Proceedings of the twenty-first international conference on Machine learning, 2004.

Zoe Ashwood, Aditi Jha, and Jonathan W Pillow. Dynamic inverse reinforcement learning for
characterizing animal behavior. Advances in neural information processing systems, 35:29663—
29676, 2022.

Thomas Kleine Biining, Anne-Marie George, and Christos Dimitrakakis. Interactive inverse rein-
forcement learning for cooperative games. In International Conference on Machine Learning, pp.
2393-2413. PMLR, 2022.

Jaedeug Choi and Kee-Eung Kim. Nonparametric bayesian inverse reinforcement learning for mul-
tiple reward functions. Advances in neural information processing systems, 25, 2012.

Benoit Colson, Patrice Marcotte, and Gilles Savard. An overview of bilevel optimization. Annals of
operations research, 153(1):235-256, 2007.

Mohamed El-Shamouty, Xinyang Wu, Shanqi Yang, Marcel Albus, and Marco F Huber. Towards
safe human-robot collaboration using deep reinforcement learning. In 2020 IEEE international
conference on robotics and automation (ICRA), pp. 4899-4905. IEEE, 2020.

Mahmoud Elnaggar and Nicola Bezzo. An irl approach for cyber-physical attack intention prediction
and recovery. In 2018 Annual American Control Conference (ACC), pp. 222-227. IEEE, 2018.

Tingxiang Fan, Pinxin Long, Wenxi Liu, and Jia Pan. Distributed multi-robot collision avoidance
via deep reinforcement learning for navigation in complex scenarios. The International Journal
of Robotics Research, 39(7):856-892, 2020.

Saeed Ghadimi and Mengdi Wang. Approximation methods for bilevel programming. arXiv preprint
arXiv:1802.02246, 2018.

Tuomas Haarnoja, Haoran Tang, Pieter Abbeel, and Sergey Levine. Reinforcement learning with
deep energy-based policies. In International conference on machine learning, pp. 1352-1361.
PMLR, 2017.

Dylan Hadfield-Menell, Stuart J Russell, Pieter Abbeel, and Anca Dragan. Cooperative inverse
reinforcement learning. Advances in neural information processing systems, 29, 2016.

Tsubasa Hirakawa, Takayoshi Yamashita, Toru Tamaki, Hironobu Fujiyoshi, Yuta Umezu, Ichiro
Takeuchi, Sakiko Matsumoto, and Ken Yoda. Can ai predict animal movements? filling gaps in
animal trajectories using inverse reinforcement learning. Ecosphere, 9(10), 2018.

Chi Jin, Praneeth Netrapalli, and Michael Jordan. What is local optimality in nonconvex-nonconcave
minimax optimization? In International conference on machine learning, pp. 4880-4889. PMLR,
2020.

Parameswaran Kamalaruban, Rati Devidze, Volkan Cevher, and Adish Singla. Interactive teaching
algorithms for inverse reinforcement learning. arXiv preprint arXiv:1905.11867, 2019.

10



Under review as a conference paper at ICLR 2026

Charles D Kolstad and Leon S Lasdon. Derivative evaluation and computational experience with
large bilevel mathematical programs. Journal of optimization theory and applications, 65:485—
499, 1990.

Jakub Grudzien Kuba, Ruiqing Chen, Muning Wen, Ying Wen, Fanglei Sun, Jun Wang, and Yaodong
Yang. Trust region policy optimisation in multi-agent reinforcement learning. arXiv preprint
arXiv:2109.11251, 2021.

Kwonjoon Lee, Subhransu Maji, Avinash Ravichandran, and Stefano Soatto. Meta-learning with
differentiable convex optimization. In Proceedings of the IEEE/CVF conference on computer
vision and pattern recognition, pp. 10657-10665, 2019.

Xiaomin Lin, Stephen C Adams, and Peter A Beling. Multi-agent inverse reinforcement learning
for certain general-sum stochastic games. Journal of Artificial Intelligence Research, 66:473-502,
2019.

Shicheng Liu and Minghui Zhu. Distributed inverse constrained reinforcement learning for multi-
agent systems. Advances in Neural Information Processing Systems, 35:33444-33456, 2022.

Shicheng Liu and Minghui Zhu. Learning multi-agent behaviors from distributed and streaming
demonstrations. In Thirty-seventh Conference on Neural Information Processing Systems, 2023a.

Shicheng Liu and Minghui Zhu. Meta inverse constrained reinforcement learning: Convergence
guarantee and generalization analysis. In The Twelfth International Conference on Learning Rep-
resentations, 2023b.

Shicheng Liu and Minghui Zhu. In-trajectory inverse reinforcement learning: Learn incrementally
before an ongoing trajectory terminates. Advances in Neural Information Processing Systems, 37:
117164-117209, 2024.

Ryan Lowe, Yi I Wu, Aviv Tamar, Jean Harb, OpenAl Pieter Abbeel, and Igor Mordatch. Multi-
agent actor-critic for mixed cooperative-competitive environments. Advances in neural informa-
tion processing systems, 30, 2017.

Farzan Memarian, Wonjoon Goo, Rudolf Lioutikov, Scott Niekum, and Ufuk Topcu. Self-supervised
online reward shaping in sparse-reward environments. In 2021 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems (IROS), pp. 2369-2375. IEEE, 2021.

Andrew Y Ng and Stuart Russell. Algorithms for inverse reinforcement learning. In International
Conference on Machine Learning, 2000.

Billy Okal and Kai O Arras. Learning socially normative robot navigation behaviors with bayesian
inverse reinforcement learning. In 2016 IEEE international conference on robotics and automa-
tion (ICRA), pp. 2889-2895. IEEE, 2016.

Malayandi Palaniappan, Dhruv Malik, Dylan Hadfield-Menell, Anca Dragan, and Stuart Russell.
Efficient cooperative inverse reinforcement learning. In Proc. ICML Workshop on Reliable Ma-
chine Learning in the Wild, 2017.

Fabian Pedregosa. Hyperparameter optimization with approximate gradient. In International con-
ference on machine learning, pp. 737-746. PMLR, 2016.

Deepak Ramachandran and Eyal Amir. Bayesian inverse reinforcement learning. In IJCAI, vol-
ume 7, pp. 25862591, 2007.

Tabish Rashid, Mikayel Samvelyan, Christian Schroeder De Witt, Gregory Farquhar, Jakob Foerster,
and Shimon Whiteson. Monotonic value function factorisation for deep multi-agent reinforcement
learning. Journal of Machine Learning Research, 21(178):1-51, 2020.

Titouan Renard, Andreas Schlaginhaufen, Tingting Ni, and Maryam Kamgarpour. Convergence

of a model-free entropy-regularized inverse reinforcement learning algorithm. arXiv preprint
arXiv:2403.16829, 2024.

11



Under review as a conference paper at ICLR 2026

Nicholas Rhinehart and Kris M Kitani. First-person activity forecasting with online inverse rein-
forcement learning. In Proceedings of the IEEE International Conference on Computer Vision,
pp. 3696-3705, 2017.

Mikayel Samvelyan, Tabish Rashid, Christian Schroeder De Witt, Gregory Farquhar, Nantas
Nardelli, Tim GJ Rudner, Chia-Man Hung, Philip HS Torr, Jakob Foerster, and Shimon Whiteson.
The starcraft multi-agent challenge. arXiv preprint arXiv:1902.04043, 2019.

James C Spall. Multivariate stochastic approximation using a simultaneous perturbation gradient
approximation. IEEE transactions on automatic control, 37(3):332-341, 1992.

John C Strikwerda. Finite difference schemes and partial differential equations. SIAM, 2004.

Jordan Terry, Benjamin Black, Nathaniel Grammel, Mario Jayakumar, Ananth Hari, Ryan Sullivan,
Luis S Santos, Clemens Dieffendahl, Caroline Horsch, Rodrigo Perez-Vicente, et al. Petting-
zoo: Gym for multi-agent reinforcement learning. Advances in Neural Information Processing
Systems, 34:15032—-15043, 2021.

Lingxiao Wang, Qi Cai, Zhuoran Yang, and Zhaoran Wang. Neural policy gradient methods: Global
optimality and rates of convergence. arXiv preprint arXiv:1909.01150, 2019.

Xingyu Wang and Diego Klabjan. Competitive multi-agent inverse reinforcement learning with
sub-optimal demonstrations. In International Conference on Machine Learning, pp. 5143-5151.
PMLR, 2018.

Siyuan Xu and Minghui Zhu. Meta value learning for fast policy-centric optimal motion planning.
In Robotics science and systems, 2022.

Siyuan Xu and Minghui Zhu. Efficient gradient approximation method for constrained bilevel op-
timization. Proceedings of the AAAI Conference on Artificial Intelligence, 37(10):12509-12517,
Jun. 2023.

Chao Yu, Akash Velu, Eugene Vinitsky, Jiaxuan Gao, Yu Wang, Alexandre Bayen, and Yi Wu. The
surprising effectiveness of ppo in cooperative multi-agent games. Advances in Neural Information
Processing Systems, 35:24611-24624, 2022.

Lantao Yu, Jiaming Song, and Stefano Ermon. Multi-agent adversarial inverse reinforcement learn-
ing. In International Conference on Machine Learning, pp. 7194-7201. PMLR, 2019.

Siliang Zeng, Chenliang Li, Alfredo Garcia, and Mingyi Hong. Maximum-likelihood inverse re-
inforcement learning with finite-time guarantees. Advances in Neural Information Processing
Systems, 35:10122-10135, 2022.

Siliang Zeng, Chenliang Li, Alfredo Garcia, and Mingyi Hong. When demonstrations meet genera-
tive world models: A maximum likelihood framework for offline inverse reinforcement learning.
Advances in Neural Information Processing Systems, 36:65531-65565, 2023.

Dan Zhang, Gang Feng, Yang Shi, and Dipti Srinivasan. Physical safety and cyber security analysis
of multi-agent systems: A survey of recent advances. IEEE/CAA Journal of Automatica Sinica, 8
(2):319-333, 2021.

Kaiqing Zhang, Alec Koppel, Hao Zhu, and Tamer Basar. Global convergence of policy gradient
methods to (almost) locally optimal policies. SIAM Journal on Control and Optimization, 58(6):
3586-3612, 2020.

Xiangyuan Zhang, Kaiqing Zhang, Erik Miehling, and Tamer Basar. Non-cooperative inverse rein-
forcement learning. Advances in neural information processing systems, 32, 2019.

Kai Zhu and Tao Zhang. Deep reinforcement learning based mobile robot navigation: A review.
Tsinghua Science and Technology, 26(5):674-691, 2021.

Brian D Ziebart, Andrew L Maas, J] Andrew Bagnell, and Anind K Dey. Maximum entropy inverse
reinforcement learning. Association for the Advancement of Artificial Intelligence, 8:1433—1438,
2008.

Brian D Ziebart, J Andrew Bagnell, and Anind K Dey. Modeling interaction via the principle of
maximum causal entropy. International Conference on Machine Learning, 2010.

12



Under review as a conference paper at ICLR 2026

A APPENDIX

A.1 NOTION AND NOTATIONS

Define f(01,0:) £ Jea(mo,0.) + Jei(mo,0.), where Jea(mo, 0,) 2 E™00 [, ylrg, (1, a')]
is the cumulative expert-dependent reward of the learner and Jg;(7g,.0,) =

E7ou6e [tho y'rii(st,al)] is the cumulative expert-independent reward of the learner.
Define the reward gradient expectation of the expert from the state-action pair (s,a) as
pe(s,a) 2 Emovee [0, pfe (st al)|s® = s,a° = a], the reward gradient expec-
. A A
tation of the expert from the state s as p.(s) = falgal faﬂ@e te(s,a)daidae, pe(s,a) =
Emou0e [T 41, e (st at)|s® = s]. Analogously, define the reward gradient expectation of
the learner as 1 (mg, 6,) 2 E™0[3 ] 'V 7, (s',a)], the reward gradient expectation of
the learner from the state-action pair (s,a) as ju(s) 2 E™00 [ 1 41V, (s',at)]s® = s,
(s, a) 2 EToe [N A1 g (s, at)[s0 = s,a° = a], the reward gradient expec-
. A
tation of the learner from the state s as ju(s) = [, .. [o co. tu(s,a)daida. Define the
cumulative expert- independent reward of the learner from the state-action pair (s,a) as
Jei(s,a) & ETor0e [Zt o Yiru(sh,al)|s® = s,a® = } and define the cumulative expert-
independent reward of the learner from the state s as J,;(s) = E™01.0¢ [Zt o Vst ab)]s® = s].
Define Py(s) as the probability distribution of the initial state.

During the proofs, symbols (i) to (viii) are used to represent what theorems or methods are used to
get the current step. The symbol (4) represents chain rule, the symbol (ii) represents the linearity
of expectation, the symbol (iii) represents the close form of geometric series, the symbol (iv)
represents the triangle inequality, the symbol (v) represents the hilder’s inequality, the symbol (vi)
represents Taylor’s theorem, the symbol (vii) means the usage of other equations in this paper, and
the symbol (viii) means keeping expansion.

A.2 FUNDAMENTAL RESULT FOR POLICY

This section lists the expressions for important gradients in continuous state-action space. Based on
the idea of the soft Q learning (Haarnoja et al.,2017), we can get:

Qo (s,a) = rg,(s,0) + (s, a) + 18 (s, a) + 7/ P(s'|s,a)V*°T! (s')ds/, (7
s'eS

Veslogf(s) = ln/ / exp(Q*°ft(s, a))da;da,, (8)
arca; JacEae

exp(Q*°7!(s,a))

exp(VooTt(s)) ©)

79,0, (a1, Ge|s) =

As the lower-level optimization problem is a maximum likelihood problem, it is important to
know Vg, In(mg, 9,) for the SGD of the lower-level optimization problem. The process for get-
ting Vg, 1n(7r9l796) is shown below.

From the expression of 7y, ,, we can get Vg, In(mg, 9.) = Vo, Q%1 (s,a) — Vg, V°It(s), there-
fore, we can calculate VgeQ”ft(s, a) and Vg, V”ft( ) separately.

Based on the equation of V*°/¢(s), the gradient Vg,V *°/*(s) could be calculated as follows:

13
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Vo, yeoft (s),
(i) fazEaz faEEae V‘gﬁ eXp(QSOft (5’ a>)daldae
fazeaz, fac€ac eXp(Qsoft(Sa a))daldae

(0i9) Josca Joca, P (5, @) Vo, Q' (s, a)darda
- exp(Vo77(s)) ’

@)/ / 76,0, (a1, aels)(Vo,re(s, a)

aj€a; JacCae

-l-’y/ P(s'|s,a)Vy, VoIt (s)ds ) dayda.,
s'es

(viid)
viii / / wel,ge(al,aeb)(vgerﬁ(s,a)H/ P(s']s, a)
aj€a; Jac€ae s’'eS
( / / 70000}y 0115 Vo, e(s', 0}, al)
aj€a; Jal €ae

+ ’y/ P(s"|s',a},a.)Ve, VT (s")ds"|da}da,ds")da;da.,
s"’eS

T-1
= E™00 > 4"V, re(s",a")|s” = s,
t=0
= ,LLe(S), (10)

where the first (vii) uses the expression in equation and (9), and the second (i) uses the
expression in equation (7).
Similarly, we can get Vg, Q*°7*(s, a) from Q*°/*(s, a).

Vee QSOft (Sa a)v

(i) Vo re(s,a) + 'Y/ P(s'|s,a)Ve,V*°I!(s')ds ) dadae,

s'eS
T-1 (1D
) oy o [Z 'V, re(st,at)|s® = s,a° = al,
=0

= [ie(s,a),

where (vii) uses the expression in equation (7)).
By summing the results of equation and (11), we can get Vg, In(g, ¢.) as follows:

Vo, In(mg, 0, (a1, Gels)) = V@eroﬁ(s,a) — VQEVS"ft(S) = pe(s,a) — pe(s). (12)

The way to get Vg, In(mg, g,) is same as that of Vg In(mg, ¢, ), and the gradient
Vo, In(mo, 0. (a1, ac|s)) = (s, a) = pu(s).

A.3 THE PROOF OF LEMMA[T]

In this section, we derived gradients that are necessary for our method.

1 s'=s,af =ajal =a
0 otherwise
the probability of (s, a) occurring at time ¢ in the demonstration set Dy, .. With the fundamental

A e
Define Pp(s' = s,al = aj,al = a.) £ { , where (s,a) € Dy, ., as
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result of the policy, we can derive the Vg_L(6;,6.) and prove the Lemma as follows:

V@ (ala

=— Z v / / / Pp(s' = s,a) = ai,al = a.)Vp, In(mg, ¢, )dacda;ds + N,
seS Jaj€a; Jac€ae

Y [ [ ] P =sai=andt =a)(Vorisa
—0 seS Jaj€a; Jac€ae

t

+ E™0u0e | Z VI e (st at)|st = s,af = aj,al = a.)
t=t+1
T-1

— E7ou0e [Z *yt/*there(st, a’)|s' = s|)dacda;ds + \0..,

t'=t

T-—1
(i) — Z ’yt/ / / PD(St =S, af = ay, aé = ae)(veere(sva)daeda’ld‘g
=0 seS Jaj€a; Jac€ae

0 0 0
—/ / / Pp(s” =s,a; = aj,a; = ae)
seS Jaj€a; Jac€ae

Emou0e [Z YV re(s',a")|s° = s])dacdads + N0,
t=0
= pe(mo,,0.) — fie(Doy,r.) + AOe,

where (vii) uses the expression of equation (12).

A.4 OTHER NEEDED GRADIENTS

Lemma 3. Suppose Assumption |I| holds, the first-order gradients Vg, L(0;,0.) = pi(mg,0,) —
fu(Doy,r,) Vo f(01,0) = B0 [ g 4" [(u(s",a") = pu(s"))(Jeals',a') + Jeist, at))"]] +
(mo0.). Vo, (01,00 = E™00 [0 7 [(kels'0') — e (eals', a') + Jealst,a) 7]
The second-order gradients Vo L(6;,0,) = ET™ [Zt o V' (pe(s,a) — ( N(s,a)T],
Vi L0 0e) = BT [y o (pre(staf) = prels (st a!) v2 £ (st at)]] —
dZZ OZt 0 7V087‘e (s,a") + A

Proof. Through the same process of calculating Vg_L(6;,0.), we can get the gradient Vi, L(6;, 6.)
following the same process in Lemma where ju;(7g, 5.) 2 E™10 [ /' Vg, m1a(st, a)).

The process for getting Vg, f(6;, 0.) is shown below.
From the equation of f(6;,60.), we can see that Vg, f(0;,0.) = Vo, Jea(mo,,0.) + Vo,Jei(70,.6.),
then Vg, Jeq(mg, 0, ) and Vg, Je; (g, ¢.) can be calculated separately.
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The calculation of deriving Vg, Jeq(mg, 0, ) is as follows:

Vo, Jed(T0,.0. )

(2/ PO(SO)/ / [Velﬂ(a?,a2|so)Jed(30,a?,a2)T
s0es a?Eaz aOEae
+ 7(a, al|s°) Ve, Jea(s°, a?, a®)T)daldalds®,

— [ [ [ Fam(alalls) gl af )+ e a1 (T s, af o)
s0eS a)ca; Jalca,
/ P(s']s%,a),ad) Ve, Jea(s'))ds'|da) dalds®,
les

(mzz
Loon [ ] (T als) T )T+ e ol (T (s f )
s%eS OEal al€ac

oo [ PGt [ [ Vartadalls) dalstalad)”
les ajc€a; Jalca,

+ 7r(al, e|s )(Vglrgl(sl,all,aé) + P(82|51,al1,aé)V91 Jed(sz))dsz]dsl}da?dagdso,
s2eS
al? e|8 )J

= Eﬂf’lveF a, |8t) ed(sta at)T + Vaﬂ"el (Stv at))}’
1: &

H”M

= E7000e | Z (Vo, In(mg,.0,) Jea(s',a")T + Ve re, (s', a"))],
t=0

T-1
W prococ 1S 4 (st at) — pu(54) Jealst, al) TN + (o6,
t=0

where (vi?) use the expression of the equation (12).
Similarly, we can get V@l Jei(ma, 0, ) as follows:

vel Jez ('/THZ

(@) 0 .0 0
= PO VGL al7 e|8 ) EZ(S a’lﬂae)
s0esS aYca; Jal€a,

+ ﬂ-(al? e|S )(VGI Jez(s al’ e))]da?daods
Po(s”) / [7(a),al|s®) Ve, In(m(a?, al|s?)) Jei (s°, af, a®)
alca; Jal€a,

(vii)

s0esS
+ (al, e|s) /1 SP(81|50,a?,ag)VglJei(gl)dsl]da?dagdSO’
st e

T-1

(vu) -
E™0e [y A (st at) = u(sh)) Jai(s' at) T,
t=0

where (vii) use the expression of the equation (12).
By summing the result of Vg, Jeq (g, 0, ) and Vg, Je;(mg, 0, ), the result of Vg, f(6, 6.) is as follows:

Vo, f (61, 0e),

S
|

= E™00 [y A (st at) = pu(s") Jea(st, a") )] + (o, 0,)

N o«
[l
= O

BTy Y (st at) = p(sh) Jei(s', ah) 7,

H~
O

T-1
e [3 o (st a) — (s (Jeals', ) + Jeals',a)T]] + pu (o, ,).

t=0
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The Vg, f(0;,0.) is calculated in the same way as the Vy, f(6;, 6.).

The process for getting VgeL(F)l, 6.) is shown below.

As we proved in Lemma the gradient Vg, L(6;,0.) = pe(mo,,0,) — fte(Do, r,) + e, as a result,
we can take the derivative of each term separately.

The derivative of . (g, 0,) W.L.t  is calculated as follows:

Vo, tte(Ta,,0.)

Q)

S / [, [Vamlatadls)n 2, af. )"
s0eS a €a; Jal€a,

+ 7(a, al|s°) Vo, e (s°, af, a®)*)dad dalds®,

- / Po(s") / / Voum(af, %)) ae(s°, o, a0)”
sves a)ca; Jal€a,

+7(a}, alls) (V5 rle (s, af, S)Jrv P(Sllsova?vGS)WQMe(sl))dsl]da?dagdso,
= /SOGS ) /alea; /aoeac{vgl o acls el a2)
+7(a},alls) [V ree(s°, i, af)
oo [ PGty [ [ Vil allsstal )T
les al€a; Jalca,
+m(ag, agls') (Vi ree (st ap ag) + s P(s?[s', a7, a;) Vo, pe(s”))ds’|ds' Ydaj dalds®,
s°e
T W (U ALY )
=K l’“‘[tzo’Y(Wﬂ( a')" + V5 rie(s', a")),

T-1
= E™00 [y " 4" (Ve, In(mg,.0, ) pte (s, a")T + V5 rle(s',a"))],
t=0

= EZ (e(s" ") = prels e (5", a)T + V5 1 (5", a")])

where (vit) use the expression of the equation (12| .
With the result of Vg_ie (g, 0, ), the derivative of Vg, L(0;,0.) w.r.t 6. is as follows:

V. L(01,0c) = Vo, (Vo L(6:,06.)),

= Vy, (Me(TrGL, ) Me(DGL,Te) + A0, )
T—1

D oo (37 4 (e (st a') — pe(s)pe(st,at)” + V3 re (5", al)]]
t=0
1 d T—1 ‘ )
— 3 Z fytvgﬂrge (s, a™) + \.
=0 t=0

Through the same process of calculating Vg, (7, ¢, ), the result is as follows:
T—1

V0. L(01,60) = E™00 [y (ne(s,a) — pe(s)) (s, @)
t=0

A.5 PROPERTIES OF THE LOWER LEVEL OPTIMIZATION PROBLEM

Lemma 4. Suppose Assumption[I| holds, for any 6; € R"™ and 0. € R™, L is continuously twice
differentiable in (0;,0.).
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For any 0, € R™, VQEL(G_l, 0.) is Lipschitz continuous (w.r.t 0.) with constant LLee > 0.

Forany 0, € R™ and 0, € R™, we have ||V3196L(§1, 0o)| < CLelee for some constant CLeleE > 0.
For any 6, € R™, VgleeL(éhﬁe) and VgeeeL(G_hﬁe) are Lipschitz continuous (w.r.t 0.) with
constants Ly, , > 0and Ly, , > 0.

For any 05 € R™, VgleeL(F)l, 03) and VﬁeeeL(ﬂlﬁz) are Lipschitz continuous (w.r.t ;) with
constants Ly, , >0and Ly, , >0

Proof. Suppose that h is a real-valued function defined and differentiable on an interval H C 7,,. If
[ VA is bounded on I, then h is a Lipschitz function on H. So we need to prove V§ , L(6;,0.) is
bounded. From Assumption|[l] we can show that 3Ry, > 0, [ Vr, || < Ryg.

— ) R
i)l < B0 (30 4 Ragls® = o] < 774
t=0

?

where (7) uses the close form of geometric series.
As a result, ||g;(s)|| is bounded, proved through the same way, ||uc(s)|, |li(s,a)ll; || pe(s, a)]l
are also bounded. Based on the Lemma (3} all elements of Vge 9. L(0:,0c) are finite, therefore,

V5,9, L(01,6c)]|| is bounded and the Vg, L(61,6.) is Lipschitz continuous.
In the same way of proving |V , L(6;,0.)|| is bounded, we can show ||V o L(6;, 6.)|| is bounded.

We need to prove Vo 4 L(6;,0.) and V§ 5 4 L(6;,0.) are bounded. The proof of V3 4 , L(6;,0.)
is bounded as follows:

V.0, L0, 0c),
T-1

Vo (7 [ A (1o (5,0) — pe(5))yu (5, ) 7)),
t=0
D oo (3 2 (V. e, @) (5, 0)T) + pie(5,0) (Vo pur(s, )T)
t=0

— (Vo.pe(s)pa(s,0)") = pie(s)(Vo, pu(s,a)"))-

Each gradient inside the expectation could be derived through the process of deriving Vg, 14;(7g, 0, )
in the proof of Lemma [3] and these gradients are all finite with the same way of proving
V5.9, L(01,6c)|| is bounded. The third-order gradient V§ 4 , L(6;,6.) is bounded with the smae

process. Therefore, the third-order gradients of L(6;, 6..) are all bounded.
Through the same procedure, we can prove V§ 4 o L(0;,0c) and V} 4 5 L(0;, 6.) are bounded.

At the same time, the existence of V7§ o L(6;,0.), V5 4 L(6;,0.) are shown. Analogously, the
existence of V3, L(6,0.), V5 g L(6;,0.) could be proved in the same way. The third-order
gradients of L(6;, .) are bounded. Therefore, L is continuously twice differentiable in (6, 6. )

A.6 PROPERTIES OF THE UPPER-LEVEL OPTIMIZATION PROBLEM

Lemma 5. Suppose Assumption |l| holds, for any 0, € R™, Vg, f(01;6.) and Vq_f(61;0.) are
Lipschitz continuous (w.r.t 0) with constants Lg, > 0and Ly, > 0.

For any 05 € R™, Vg_f(0;;02) is Lipschitz continuous (w.r.t 0;) with constants Ly, >0

For any 01 € R"™ and 6, € R™, we have ||V, f(01;02)|| < Cy,. for some Cj, > 0.

18
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Proof.
T—1 @
T6,,06 ld
ea(rn 0. < B0 (32 7'l =] < 72

where (%) uses the close form of geometric series.
So the cumulative expert-dependent reward value J.4 is bounded, analogously, the cumulative
expert-independent reward value J,; is bounded.

Vo,o.f(0r;0c),
T-1

= Vo (BT [y 7' [(uls",a') = u(s') (Jeals', a') + Jei(s',a") TN + pu(mo,o.),
t=0

2 provo ZV (Vo.u(s',a") = Vo u(s")) (Jea(s',a') + Jei(s',a"))"

+WM#H—M@DW&w@ﬂ5+WJM%fWﬂ+WMNmm)

Refer to the proof of LemmaEI, all elements in Vy,g, f(0;;0.) are finite, itself is bounded. Analo-
gously, Vg g. f(0;;0.) is bounded under the same proofing process.
Through the same procedure , we can prove Vy_g, f(6;; 0) is bounded.
All element of Vg_ f(61;63) are bounded. Therefore, all elements for Vg, f(6;;6.) is bounded and
it is bounded.

O

A.7 PROPERTIES OF THE APPROXIMATION ERRORS

Define bis(k) = V3,5 L(6i(k), 0 (k) — V3, L(61(k), 0 (k)), baa(k) = V3 o L(6i(k )ﬁe(’f))
YgEGEL(Gl(k)>Qe(k))’ bi(k) = Vo f(Oi(k),0.(k) — Ve, f(0u(k )Aa( ), ba(k) =
Vo, F(01(k), 0c(k)) — Vo, f(01(K), Oc (k). b(k) = [V3 o L(01(k), 0c(K))] " Vo, f(0,(k), 0c (k)) —
[VgeeeL(Gl(/ﬂ),96(/€))]_1V96f(91(/€),He(k)) at iteration k, b,(k) = Vf(@l( ),0.(k)) —

Vf(60i(k),0.(k)) at the iteration k. Through the same procedure in the proof of the Lemma 5] we
can get conclude that each element of forth-order gradient of L(6;, 6.) is bounded by the constant
C'r, and each element of the third-order gradient of f(6;(k), 8.(k)) is bounded by CY.

Lemma 6. The biases bya(k), baa(k), bi(k), ba(k), b(k), and b, (k) are bounded,

Jora )] < %{[ms ~(m— 1%Jof + (m — )Parof),
ooy < ST 03— 1240 1 (o — 1),
Jorti < EZENVR 1102 4 (0 - 1) na,
ot < ZENV 03 (o~ 12102 4 (m — 1Para).
o < 2L I 11— o — 1700+~ 1P,
Jou )
<« SV 11 (1007 + (n - 1o

N QCLelee CLPQ(IC) + 2CL9lﬂe \/%ACpr(k)
6/ mA2
Cfe CLPQ(k)
{[m3 —(m—=1)°la} + (m — 1)’} + W{[m?’ —(m—1)%aZ 4+ (m — 1)3a03}

" (k)CL(C, CL+\F)\Cf){[ ~(m
362

= 1’laf + (m = 1)’ mag}?,
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Proof. According to the Lemma 1 in (Spall, [1992), the approximation error byg;(k) for
VglaeL(Ql, 6.) is

EE) (2 — (1% + (m — 1) 0).

where b19;(k) represent the [th term of the bias b19;(k) at kth iteration.

OLPQ(k)\/TH{[mZS

1B12(R)|| < 5 — (m = 1°Ja} + (m — 1)’ mag}.
Analogously, the boa(k), b1 (k) and b (k) are also bounded.

bioi(k) <

With  the V3, L(0,(k),0.(k)) and Vo f(6i(k),0.(k)),  we estimate the
[VgeeeL(Ol(k‘), (k)] =1V, f(0;(k),0.(k)) through conjugate gradient.

IV, 6, L(O:(k), 0c (k)| = (V5 0, L(Bi(K), 0 (k) + baa (k)| = AL + boa ().
Then we can tune the parameters of b2 (k) such as A, a and o to let || [@5696 (01,071 < \FA
and make sure the @geoeL(ﬁl, 0.) > %I

o)1,
= [|E[[V3, 0, L(6u(k), 0 (k)] Vo, f(Bi(K), 6c (k)
[Ve 0, L(01(K), 0c(K))] "' Vo, f(0u(F), 0c ()],

S IEIVG, o, L(O1(K), 0 (k)] (V. 6, L(O1(K), e (k) — V5,6, L(01(K), 0. (F)))
[vaﬁel’(al(k)ﬂ 9e(/f))]_1]||||Veef(91(k),9e(k))“ + ||@3696L(91(k), ae(k))]_le(k)||7

< 11V, 0, L(OL(R), 0 (k)] M IV 6, L(Bu(k), 0c (k) = Vo, L(6:(K), e ()
V3.0, L(O1(K), 0 (k)] [V, f(Ou(R), 0 (k)| + V5, 6, L(Bi(k), B (k)] [1[[b2]

(vii) 2Cy,, [[baa (B)]| + 2v/mA[[b2(F)|

< M2 ’
20y, (CLp*(k) + Cyp?(k))

< —= 6/mA2 {[m® = (m = 1)*Jaf + (m = 1)’aag},

where (vii) uses the result of Lemma (5).

[ba (k)| = E[|V £ (@u(K), 0 (k)] — [V £(0:(k), 0 (k)]

O B0, £ (0u(R), 0o (k) — V2,0, L(OE), 0 (k) [V3, o, L(O1(K), 00 (k)] "
Vo, F(0u(k), 0()I] — IV f(0u(K), e (k)]

= Vo, f(01(K), 0 (k) + bi(k) — (V3,5 L(O1(k), 0c (k) + bro(k))

([V3.0, L(Ou(K), 0. (k)" Vo, f(01(K), e (k) + b(k) || — ||V £ (0i(k), 0 (K))

LB + 1930, L@, 0 EDIIBR)]
V20 LOR), 0 ()] 1 Vo, FBL(R), B (k) b1 (k)] + 151k 6CR)

QGO s (- 1010 + (1 - 1 arad}

6
2C Crp?(k) +2C ACyp?(k
4 Lo il )6\/ﬁ;}l99\/m Za ){[m3 —(m—1)%af + (m — 1)3qaj}
C o CLp2(k)
—LEEE——ﬂm3—< m—1)%af + (m ~ 1)°aja)

p*(k)CL(Cy,, CL + vmACy)

o {Im® = (m = 1))af + (m - Darad}?,
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where the first (vii) uses the result of Lemma (2), and the second (vii) uses the result of Lemma

()2 O

A.7.1 PROOF OF THEOREM[2|

From the Lemma 2.2 of (Ghadimi & Wang| 2018), ||V f(6;(k), 8e(k)) — V f(61(k), H*( (B <
CllOZ(0u(k)) = Oe(R), [V F(0u(K), 02 (0u(K"))) = V[ (k) 02 (Bi(R))) < LfHGz( ) = (k)|

Lse, Crg,q Lry,g Lrg,0,CLo0 (Lfe
where ' = Ly, + —5—= + Cp, [~ + ——%——=], Ly =

+C)CL, e
i - ———++ L, +
Ly, Cy L c L .
Ch,. | Lo Toe 4 Leeef\g Fote) Qp = L/\"e denotes the condition number of L(6;,0.), M =

maxg, eq, [|0c(0) — 02(01)], Do, = max, yep, {llz —yl}-
The proof of Theorem [2]is as follows:

Proof. First we compute the variance of V f(6;(k), 0. (k)).

IV f(8i(K), 8(K))],

W0, FOU(R), 0. (k) — V3,0, LOW(k), 0 (k) [V, 6, LK), 0.(k))) " Vo, F(Bu(k), 0. (k)]
= Vo, f(61(k), 0 (k) + bi (k) — (V5,9. L(61(K), Oc (k) + bra(k))

([Vee L(61(k), 0. (k)] Vo, F(0:(k), 0 (k) + b())|,

2 V6, £ (Ou(K), 0c ()| + b1 (k)| + V5,0, L(O1(K), O (R))IN [V, L(B1(K), e (k)]

90, FO0k), 0o (k)| + V2,9, L(OUE), 0 R I16GR) | + o1 (B V2, L6 ), 8. )|
¥, F(61(k), 0ok))| + o1 (&) 1K) -
"D ey, + GOV s 1902 4 (- 1P gad)

6
I Cleee Cfe(, 2CL9 e Cfee (CLp ( ) + Cpr(k))
VmA 64/ mA?
C 2
+ S SOV — (0= 10 + (-~ DParad)
n 2Cp? (k) y/nCy,, (CLp*(k) + Cyp(k))
364/ mA?
{[n* = (n = 1o} + (n — 1)’ H{[m® — (m = 1)*|aj + (m — 1)’aiag},
where the first (vii) uses the result of Lemma (2), and the second (vii) uses the result of Lemma (5)

and Lemma (6).
Since V.f(6;(k), 0. (k)) is bounded,

Var(@f(el(k), e (k))),
< (Cp,, + G B (15

{[m® — (m — 1o} + (m — 1)’ a0}

n— 1)3]0412 +(n— 1)304048}

6
C C 2C Cy, (C Cip?*(k
i gl 2t Qe (D 10— 1+ (m = )
2 n .
+ S SO (05 — (1))} + (= 1 ra)
20 (BVCy, (Cur () + Oy (4)
36 /mA2

{[7* = (n = 17°Jaf + (n = 1)’ ;magH{[m® — (m = 1)%|aj + (m — 1)’aiag})?.

Then we need to find the total bias, the total bias b;(k) is the sum of the bias from approximation

and V f(0,(k), 0c (k) — V f(0u(K), 02 (6:()))
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16 (R,
= [I1BIVF(O:i(F), 0c(K)] = V f(0:(F), 6c (k)]

2 01+ s (L) 16.0) — 02 1)

where (vii) adds the approximation error m(giﬁ)t’“ 16.(0) — 6%(6;(k)) from the lower level.
Next step is to find the bound for E[||V f(60,(k), 02 (6,(k)))||?]-

f(O(k+1),65(0u( + 1)),

< FOR) 0200k + (TSR, 6 (0,(K))). B + 1) — B,0K) + L1610k 1) — B,

o .
= F(0u(k), 0:(01(K))) — ax(V f(0u(R), 05 (0:(k))), V F (0u(k), e (k) + %Ilvf(t?z(k), 0. (k)|

The expectation of f(6;(k + 1),0;(0;(k + 1))) becomes:

E[f(0u(k +1),0.(0u(k +1)))],

< F(0(0), 0:(61(1)) — (VS (O1(R), 02 (0u(K))), ¥ £(0n(K), 02 (61(1)) + be (1)
4 BB 100,026, (9))) + ¥ £(00(8).0.(8)) — V1 (Ou(k). 62 0,
< F(6:(8), 67 (61(0))) — (V£ (O1(k), 02 (Bu(k))), ¥ £ k), 02 61 () + bu ()
+ Ly (9 (018,02 k) + Lfa’“EHVf(Gz() A&

o+ Lyad (VO (0), 02 (61(1))), b)),

= F(OR).02616)) — (o — L% ) |V 0 (k) 02 01|

— (o = Lyod) (VO (R). 02 1)), (1) + L2 Var (9 £(0u(k). 0.(6)) +

)
a(

Lfa%

2 oy (k)

Choose o < 7 and with the fact 2V F(0:1(k),0:(0,(k))), b (k) < |Vf(Oi(k),0%(0,(k))]I? +
[[be ()|
E[f(6i(k +1),00(0:(k +1)))],

< FOLR)020,0R)) — 19 £(0,06). 020,06
S + LV ar(S 16000 (0)).

Rearrange terms,

=

_ak

~ BUVF(0u(k), 02 (0:(k))II),

>
Il
=)

K—1 9
< F000),0:00) ~ 1+ Y0 (k)2 + ZLEvar(95(01(k), 0. (1))
k=0

For [[b (k)||2, itis the linear combination of p* (k), p° (k), p® (k), p (k) (Z551) ™+, p* (k) (ZE1 )", (851 ) .

For Var(Vf(6;(k),0.(k)))), it is the linear combination of 1,p?(k), p*(k), p®(k),p3(k). For
simplification, we use Cy; > 0,4 = 1,2, ... to represent the constant for all combinations of terms
involve p(k), . and t;. Then we can continue the calculation as follows:
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1 K—-1
e E[||Vf(0,(k), 05 0,(k)))?],
k=0
9 1 K—-1 R
<% kf(9l( ),0;(0:(0))) f*+? (lbe(R)|1? + LyarVar(V f(0i(k), 0. (k)))),
k=0
witd) 2(f(61(0), 02(61(0)) = £*) | Car X~ _a/py , Cs2 X~ g/, Cs3 N g
o t % p(/f)+K P(k)Jr?Zp(k)
k=0 k=0 k=0
+CS4 K_1p2( )(QL_l)tk+CS5 K_1p4( )(QL 1)tk CSG K_I(QL_l)th
K P Qr+1 Kk:O Qr+1 Kk:o Qr+1
Cor s~ O~ o Cyg =~ Cino
+ ak+ = > ap?(k) + e op % > agp
k=0 k=0 k=0
Cup ol
+ K” arp®(k),
k=0

where (mzz) expands each term of ||b,(k)||? and Var(Vf(6;(k),0.(k)))). Choose p(k) = T
ty = [ Vk* 1. Since 0 < QL L < 1, we can conclude Y"1 ' p?(k)(£e=d)in <

Ak = Lff L1 QL+l
ZkK 01 p?(k) when QL ! 1 # 0, then the convergence rate is as follows:
= Caz | C C
v 0 9 k 2 < s12 + s13 + sl4 )

As K — oo, Il{ k 0 E[|[V£(0:(k), 0% (0,(k)))| — 0, which shows that

]
E[Vf(0:1(k),0(0:(k)))] decreases at the rate of (’)(\/% + &+ ) O

=

A.7.2 PROOF OF COROLLARY [2.1]

Define the cumulative reward function of the expert as J (1) = E™ [ZZ:& Yirg, (st at)]. If rg,
is a linear reward function, we have 7% £ (0., (s, a.)) where the feature ¢(s,a.) € R

and dg, is the dimension of #.. Then the expert’s feature expectation is formulated as pr(7) =
[Zt o Y'o(s', al)]. From Theoreml we can get ||uf(mp,) — ps(me)||? decreases in (9(\/%)

K
Proof.
Je(mo.) = Je(me) = (Oc, py(mo.) — 1y (me))

< max(fe, juy (o, ) — pof (me))

(v)

< max [0 [[llef(mo.) — g (me)l,

= llpg(mo.) — g (me)ll,

(vig) Cis

< 0=

VK

where (vii) uses the result ||ps(mg,) — pp(me)||* decreases in (’)(\/—%) and Cy5 is the constant
number which includes all influence factors other than K. O

A.8 PROOF OF THEOREM/[I]
The prove of Theorem [I] is as follows: According to the Algorithm 1 in (Ziebart et all

2008), we need to compute the state frequency for the (7, 9,). For each state-action
pair, it needs to recursively compute for up to 7' iterations. As there are T state-action
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pairs in one demonstration, the computational complexity for the pe(mg,.) is O(T?)
as we see 1" as the deterministic factor. Analogously, the computational complexity for
Ml(ﬂ'el,ee)v PJe(57 CL), /U'e(s)a ,LLZ(S, CL)7 .ul(s)v Jei(sa a)7 Jed(ﬂﬂlﬂe)a Jei(ﬂ'Gl,OQ) are O(Tz) We can
see that these factors with computational complexity O(T?) are expected to be calculated through
backpropagation, and the backpropagation leads to O(7?). However, in coding, we can calculate
these factors by sampling a finite number of trajectories, and the computational complexity becomes
o).

For SPSA, the required terms are f(0;,60.), Vo, L(0;,0.), Vo, L(0;,0.), these terms are the linear
combination of O(T") computational complexity terms, so their computational complexities are also
o).

If we directly compute Vo, f(60i(k),0.(k)), V3, L(0:1(k),0.(k)), V5 L(Oi(k),0(k)),
and Vg, f(0,(k),0.(k)) instead of approximating, use the expression of Vg, f(6;,0.) =
Emooe [ (st at) — u(sh)) (Jea(s',at) + Jea(s',at)T]] + ju(ro,0,) as an exam-
ple, 1;(s) is inside an expectation from ¢ = 0 to T' — 1, we need to sum up g (s) for T times.
As a result, the computational complexity for Vg, f(0;,0.) is O(T?). Analogously, Va_f(0;,0.),
V.0, L(01,0.), V5 4 L(6;,0.) are all same.

Back to SPSA, more policies need to be found compared to directly compute the hypergradient. Use
soft q learning (Haarnoja et al.||2017) as an example, RL and MARL algorithms can be considered
as sampling a finite number trajectories for each epoch. Therefore the computational cost for each
epoch is O(T') and the overall computational cost is O(eT’) where e is the total number of epochs.
As we consider T as the decision factor, the computational cost of the multi-agent RL is O(T'),
which matches the computational complexity of SPSA.

As a result, the computational complexity of SPSA is dominated by O(T'), and directly calculating
the hypergradient is dominated by O(T?).

A.9 EXPERIMENT DETAIL

The details of the experiments are shown in this section. All Python3 codes are run on a Windows
10 desktop with 13th Gen Intel(R) Core(TM) i7-13700KF CPU and 32 GB of RAM. For each
combination of algorithms and environments, we run 10 times to calculate mean values and standard
deviations at each iteration. Then the calculated mean values and standard deviations are plotted as
shown in Section [/| figures.

A.9.1 MPE

The state, action, and observation spaces for the adversary and good agents are continuous. For the
adversary, it can observe the relative distance to the landmarks and the good agents, therefore the
observation of the adversary is 0, = [pi1 — Pa, Pi2 — Pa, Pg1 — Pas Pg2 — Pa] Where py is the position
of the first landmark, p;5 is the position of the second landmark, p,; is the position of the first good
agent, pyo is the position of the second good agent. For each good agent, it can observe the relative
distance to the target landmark, the landmarks, the adversary, and another good agent, therefore the
observations for two good agents are 041 = [pa — Pg1,P11 — Pg1,P12 — Pgl;Pa — Pg1,Pg2 — pgl]
and 0go = [pu — Pg2, P11 — Pg2; P12 — Pg2,Pa — Pg2,Pg1 — Pg2] Where py is the position of the
target landmark. The actions of the adversary and the good agents are the velocities between 0
and 1 in four directions (left, right, down, up). Two good agents share the same return, which is
rewarded based on the minimum distance of any agent to the target landmark and is penalized based
on the distance between the adversary and the target landmark, therefore the reward of good agents
is 7y = —min(||py — pg1 |2, [P — Pg2ll2) + [Pt — Pall2. The reward of the adversary is based on
the distance to the target of the adversary, therefore r, = —||pro — pal|2, Where py, is the position of
the adversary’s target. In our simulation, we consider observations as states of the MG, the distance
—min(||py — pg1l|2, [|[Pe2 — Pg1]|2) as the adversary-independent reward function, and the distance
lps1 — Pall2 as the feedback received by the good agents.
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A.9.2 SMAC

In this scenario, we can only access the state, observation, and action information of agents. The
enemy is controlled by a built-in game Al. We consider observations as the states of the agents
during learning. For each agent, it can observe the following information corresponding to another
agent and enemy: relative distance, relative x, relative y, health, shield, and unit type. If an agent
or an enemy is under attack, the shield reduces first and health reduces after the shield disappears.
There are 7 possible actions for each agent: move north, move south, move east, move west, attack
the enemy, stop, and no-op. At each time step, each agent can know which action among these 7
possible actions are available and the agent chooses one action from available actions. For example,
the attack action is available when the enemy is in the shooting range of the agent. The agent can
only choose no-op when its own health is 0. The agent gains rewards based on the damage dealt to
the enemy and if the enemy is defeated.

A.9.3 HUMAN-ROBOT INTERACTION
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Figure 4: Human-robot interaction simulation results. The cumulative rewards are calculated as
described in Figure [2| Similarly, the collision and goal-reaching rates are computed based on the
policies corresponding to the learned reward functions. A collision is defined to occur when the
distance between the human and the robot falls below a threshold. The goal is considered reached
only when both the human and the robot reach their respective destinations.

Consider the human-robot interaction scenario described in the introduction, both the robot (learner)
and the human (expert) aim to reach their destinations as quickly as possible. Additionally, the robot
strives to maintain the human’s right-of-way. Both agents operate in continuous state and action
spaces: each has a 4-dimensional state space and a 2-dimensional action space.

Figures fi(a)] and [4(b)| show that the robot’s and the human’s cumulative rewards converge to the
ground-truth values, consistent with previous experiments. Figure [4(c)| shows that the collision rate
converges to its ground-truth value, indicating that the robot successfully learns a human-dependent
reward function. Initially, with randomly generated reward functions, the robot and human move
randomly, and collisions are rare. As the reward functions are iteratively updated, both agents move
toward their goal locations, causing collisions and an increase in the collision rate. However, as
training continues and the reward functions improve to prioritize collision avoidance, the collision
rate decreases. Figure [4(d)| shows that the goal-reaching rate also converges to the ground-truth
value. With the learned reward functions, both agents reliably reach their goals. After 100 iterations
of reward function updates, the learned robot reward function yields a high goal-reaching probability
and a low collision probability. Figure presents a sample trajectory under the learned reward
functions, and Figure [4(f)| plots the distance between the robot and the human along this trajectory.
Both agents reach their goals while maintaining a separation above the required safety distance.

In the simulation, the policies for the human and the robot are calculated through Multi-Agent
Deep Deterministic Policy Gradient (MADDPG) (Lowe et al., 2017). During the training process,
noises are added to the action to increase the exploration. Once the policies are generated, further
calculations use deterministic policies.
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The state of the robot is its location s, = (z,,y.) € R2, the action of the robot includes the
horizontal and vertical velocities and defined as a, = (vyy, vyy), Where v, € [—0.1,0.1],v,, €
[—0.1,0.1]. Similarly, the state of the human is s;, = (zp,yn) € R?, the action of the human is
an = (Ung, Vny), where v € [—0.1,0.1], vy € [—0.1,0.1]. At each time step ¢, the robot chooses
the action a,-(¢) based on the current joint state (s,.(t), s, (¢)) and moves to the next state z,.(t+1) =
2 () +Urp(t), yr (t+1) = ¥, (t) + vy (t). Analogously, the motion dynamics of the human is given
by 2 (t + 1) = xp(t) + vpa(t), yn(t + 1) = yn(t) + vpy(t). In the experiment, the robot starts
from an initial state s,-(0) € [—0.25,0.25] x [—0.4, 0.5] and aims to reach a circle goal region whose
center is at (0, 0.5) with radius 0.05. The human starts from s, (0) € [0.4,0.5] x [—0.25,0.25] and
aims to reach a circle goal region whose center is at (—0.5, 0) with radius 0.05. Both the robot and
the human are penalized when a collision happens.

A.9.4 SECURITY
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Figure 5: Cyber security simulation results. Left: Attack graph. Middle: Defender’s reward. Right:
Attacker’s reward. The cumulative rewards are calculated in the same way described in Figure 2]

We conduct a cybersecurity experiment to evaluate the proposed algorithm. The experimental setup
involves a defender (learner) and an attacker (expert) interacting on the attack graph in Figure [3
The attacker attempts to compromise nodes in the graph. The attacker’s objective is to compromise
as many nodes as possible, whereas the defender’s objective is to protect the network by minimizing
the number of compromised nodes. Both the learner and the expert have discrete state and action
spaces, with cardinalities of 256 and 8, respectively.

Figure [ shows that the cumulative rewards of the proposed algorithm converge to those of MARL,
consistent with previous experiments.

There are 8 nodes and 10 edges. Each node represents a machine, and each edge represents an
exploit between two nodes. The decision-making of the defender and the attacker is modeled as
an MG. The state s € {0, 1}%, represents the condition of each node where the value 1 means the
current node is compromised by the attacker, and the value 0 is vice versa. In each action pair,
the attacker chooses one edge to attack, and the defender chooses one edge to block. Suppose the
attacker chooses to attack the edge {7, j}. If the node i is already compromised and the defender
does not block this edge, there is a probability for node j to be compromised. For other situations,
the node j keeps clean. Each edge has a cost for the attacker to utilize and a cost for the defender to
block. The attacker receives a reward when it successfully compromises a new node. The net reward
of the attacker for each state-action pair is the sum of the reward and the cost. For the defender, the
expert-dependent reward is the opposite of the attacker’s reward, and the expert-independent reward
is the cost to block edges.

For the security simulation, the attack graph is randomly generated. We use Q-learning to find the
policies for the attacker and the defender. During the training process, the attacker and the defender
have a 70% possibility to choose between the best action with 60% possibility and the second best
action with 40% possibility. Otherwise, the attacker and the defender randomly choose one action
from the action space. When we exploit the learned policies, the attacker and the defender choose
between the best action with 60% possibility and the second best action with 40% possibility.

A.9.5 CUMULATIVE REWARDS COMPARE TABLE

A.10 THE USE OF LARGE LANGUAGE MODELS (LLMS)

We confirm that LLM (ChatGPT 5) assistance was limited to improving grammar and readability.
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Table 1: The cumulative reward comparison. Top: The cumulative reward of the learner. Bottom:
The cumulative reward of the expert. MARL uses ground-truth reward functions. MA-IRL and

GSIIRL use learned reward functions from the last iteration.

LEARNER MARL MA-IRL GSIIRL
MPE 5.03 + 1.66 5.12 £ 4.08 4.84 £1.81
SMAC 19.01 £0.13 18.89 4+ 0.20 18.87 £ 0.27
CS —16.96+£1.45 —17.0843.21 —17.38+3.59
HRI —20.22+3.34 —20.63+1.07 —21.09+1.87
EXPERT MARL MA-IRL GSIIRL
MPE —18.91£2.01 —20.374+4.27 —19.53+£2.50
SMAC 19.01 £0.13 18.89 £+ 0.20 18.87 £ 0.27
CS 6.96 £ 1.45 7.03 +3.21 6.76 £+ 3.59
HRI —12.98+4.78 —13.524+2.57 —13.16+£1.03
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