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A  GENERALISABILITY OF POLICY GRADIENT BASED RL ALGORITHMS

Policy gradient based RL algorithms minimise the cumulative discounted cost by directly optimising
the policy parameters using gradient descent. We discuss in this section the ability of these algorithms
to search for n-optimal policies. We distinguish two types of policy gradient approaches:

OPTIMISING THE GLOBAL OBJECTIVE DIRECTLY:

Many methods (such as Deterministic Policy Gradient Silver et al.| (2014), and variants of the
REINFORCE algorithm [Williams| (1992); Degris et al.| (2012)) are rooted in the policy gradient
theorem Sutton et al.| (1999):

VEpor[Y_7'e(se ar)] = /po(SO)pw(SISO)an [Q%(s,a)Vlog 7(als)]

0,8

with pr(s]sg) = Z’yt]}”ﬂ(st = $|s0)
t

where the policy 7 is a function of some parameter 6 and all gradients are implicitly with respect to 6.
In order to adapt these approaches for the search of n-optimal policies, the policy updates must take
into account the future state distribution derivative. In fact, the gradient of the generalised criterion
with respect to the policy induces an additional term as provided in proposition [5}

Proposition 5 For any given distribution n:

VEZO’W[Z 'e(st, ar)] :/PO(SO)Ufr(SHVPﬁ(SHSO)

S0,S4+

additional term

+/po(SO)Pﬁ(S+|So)pw(5|5+)Ew[er(8,a)VIOgﬁe(GIS)]

S0,54,S

modified term
where P (si|s0) = > 0" o n(n)Px(sn, = s4]s0).

Notice that the modified term has the same form as the original policy gradient theorem. This is not
an issue as it’s a matter of adapting the used estimators in practice. However, the additional term is
not taken into account. Furthermore, in this current form, V P (s |s¢) is not tractable. This implies
that current policy gradient approaches that rely on the policy gradient theorem can not search in a
reliable way for n-optimal policies.

OPTIMISING A LOCAL VERSION OF THE GLOBAL OBJECTIVE:

On the other hand, recent policy gradient algorithms such as Trust Region Policy Optimisation (TRPO)
Schulman et al.|(2015) and Proximal Policy Optimisation (PPO) Schulman et al.|(2017) iteratively
search for a new policy 7, that improves the performances of an old policy 7, by optimising a local
approximation of the right hand term in the following identity [Kakade & Langford|(2002):

L3 (T, €) =L (0, €) + B, [D 7' A7 (s1,a0)]
t

L (70r0) + [ (o), (ls0) [ mlals) 2, (5.0)
80,8 a
where [,80 is the unregulated loss function, and A< (s, a) is the advantage function:

A7 (s,a) = Q7(s,a) — v7(s)

In principle, this approach is tractable for the search of n-optimal policies. In fact, the generalised
setting verifies a similar formulation of this identity:
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Proposition 6 For any given distribution n:

LG(Tn,c) = LG(70,¢) +EL [Z VAL (st,aq)]
¢

= L)(m0rc) + / Po(50)0r, (5150)EX. [AC. (54, 04)]s]

50,8

with B (45, (s an)ls] = [ P2 (s asls) A2 (51 2)

+,0+

Propositions [6]lay the ground to adapt proximal policy gradient based RL algorithms to the search
of n-optimal policies. However, we do not investigate this further in this paper as we focus on the
Inverse problem.

B GENERALISATION OF CLASSICAL IRL ALGORITHMS

In this section, we discuss particular classical penalisation functions {2 and ¥ that lead to generalisa-
tion of well known IRL algorithms. In all cases, €2 is always chosen as the entropy regulariser, as in
state of the art RL algorithms.

Let C be a subset of admissible cost functions, and the penalisation function defined as:

v = ={ o 056

Two particular subsets are studied in details in the following as they lead to generalisations of classical
IRL algorithms.

B.1 EMMA: EXPECTATION MATCHING - MAXIMUM ENTROPY

First, consider the set of linear interpolation of some finite basis set function { f;(s, a), i € I}, i.e.,
Clinear = { ZWfi, such that ||w||2 < 1}.
e

In the classical, non-generalised IRL problem (with 1 = dg), this problem coincides with features
expectation matching IRL algorithm |Abbeel & Ng| (2004)), that minimises the [5 expected feature
vectors [Ho & Ermon|(2016):

L(m,c)+Q(r) = max E,_[c(s,a)] —E,.[c(s,a)] = ||IEP,r [f] - EPT?E [f]”27

T
¢€Clinear

where f(s,a) = (fi(s, a));cz. Generalising this algorithm for any geometric distribution 7 simply
consists in substituting the expectation with I£7:

Proposition 7 Under the assumptions of Proposition|2| and for i = 1¢,,,,. it holds that:
RL{ o IRLZ(’J_T) = argmin —Q(7) + H]EZ [f] —E7_ [f]||2

The generalised version of this algorithm (which is actually GIRL,¢,,,,,#,5) that we called EMMA,,
is derived in the following as a generalisation of expectation matching IRL algorithm |Abbeel & Ng
(2004).

The optimal cost function c.. (given a previously learned policy ) must satisfy the following

equalit

/ Po(50) [l (545 as[50) = iy (54, ] s0)] (54, a4) = H]Euw (1= Eury [f]” “4)

S0 2

*c.f. the proof of propositionin Appendixﬁ
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As the objective solution is known, we propose to replace the cost optimisation step in the template
procedure we provide in Algorithm [I] with the following simple quadratic loss:

Elinear(w) == (E/L-ﬁ [wa] - ]E/L,rE [wa] - ||E/L7r[ } /LwE[ ]H ) (5)

Given that the set of feasible cost function is convex, we can update the loss using projected gradient
updates. We also use an approximation of this loss in practice:

Elinear(w):( Z wfl (s, a) — Z wfT (s,a) — | Z f(s,a) Z f(s,a)|l2 ) (6)
S+, A+ St.AL St A+ StAL

The algorithm we propose is then defined as follows:

Algorithm 3 EMMA

1 Input: Expert trajectories 7g ~ 7, initial policy 7, and initial cost function wg

: fore e [1,N] do

3' Sample trajectories T ~ g,

4:  Sample states randomly (S,‘7 Ay) ~ 7 and (ST, A*) (Sttk, Aryr) where k ~ n

5: Sample states randomly (S}, A}) ~ 7 and (S%, Af) = (S), 4, A, ) Where k ~
6:  Update the cost weights w; to minimise Liinear(w;)
7.
8:
9:

Project the cost weights on the feasible set Ciipear
Update 6; using soft actor critic to minimise w;1 f
Return: (mg,, Dy )

B.2 WIEM: WORST INDIVIDUAL COST - ENTROPY MAXIMIZER:

‘We now consider convex combination of basis functions:

Ceonvex = {szfz, wichwi =1, andw; > 0,Vi € I}

i€l 1€L

In the classical non-generalised IRL setting, this is equivalent to MWAL |Syed & Schapire| (2007) and
LPAL Syed et al.| (2008) where we minimise the worst-case excess cost among the basis functions
Ho & Ermon! (2016):

L(m,¢) + Qm) = max E, [c(s,a)] - E,, [c(s,a)] = maxE, [fi] -~ E,.[fi]

c€Convex i€l

This setting is also simply generalised for any geometric n by takng the expectation w.r.t. IE7:

Proposition 8 Under the assumptions of Proposition and for ¢ = ¢ it holds that:

RL{, oIRL; (7R) = arg;nin —Q(m) + m?XEZ [fi] —EI_[fi]
We derive WIEM,, in the following, which is equivalent to GIRLs.  m, and a generalisation of
worst-case excess IRL algorithms.

The optimal cost function c. (given a previously learned policy ) must satisfy the following
equalityﬂ

/ po(s0) [fix (54, ay]80) = prg (51, ay|so)] i (sy,ay) = max By [fi] =By, [fi] (D

S0

As the objective solution is known, we propose to replace the cost optimisation step in the template
procedure we provide in Algorithm [I] with the following simple quadratic loss:

2
['convex(w) = (Eu,r [wa] - E,u,rE [wa] - mzax E,uﬂ [f1] - E/tﬂE [.fv]) (8

3c.f. the proof of propositionin Appendixﬁ
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Given that the set of feasible cost function is convex, we can update the loss using projected gradient
updates. We also use an approximation of this loss in practice:

Zc:onvex(uj) = ( Z wa(Saa) - Z ’IUfT(S,(I) 7mzax[ Z fi(sva) - Z fi(sﬂa)])z
S+, At ShAL S+ At Sit,AL
)

The algorithm we propose is then defined as follows:

Algorithm 4 WIEM

1: Input: Expert trajectories 7 ~ 7, initial policy 7y, and initial cost function wg

2: for e € [1, N] do

3:  Sample trajectories T ~ Ty,

4:  Sample states randomly (S, A;) ~ 7 and (S*, A") = (Siyp, Aryr) where k ~ 7

5: Sample states randomly (S}, A}) ~ 7 and (S%, Af) = (S), 4, A, ) Where k ~
6:  Update the cost weights w; to minimise Leonyex (W;)
7.
8
9:

Project the cost weights on the feasible set Ceonyex
. Update 6; using soft actor critic to minimise w; 1 f*
Return: (mg,, Dy )

C MULTI-TASK SETTING

Classically, the multi-task setting is defined by considering a task space © and for each task § € ©
the associated Markov decision process My = {S, A, P, ¢, 7, po }. Depending on the context, the
objective is then to either solve the RL or the IRL problems for the set of MDPs (My)gco by
averaging the losses with respect to a task distribution . This is equivalent in principle to solving
the problem for the MDP M = {S x ©, A, P, ¢,~, po} where for any states (s, s’), tasks (6,6’) and
action a, the following equalities hold true:

A(s, 0) = A(s)
P(s',0']s,0,a) =P(s'|s,a)d(0 =0)
c(s,0,a) = cy(s,a)

Po(s,0) = po(s)F(0)

We adapt the latter formulation here for the sake of coherence with previous sections.

The difficulty in multi-task settings arises from ray-interference: when the cost function encourages
conflicting behaviours for different tasks, the learning objective plateaus |Schaul et al.|(2019). This
stagnates the progress of the policy, which in turn complicates the IRL problem as these plateaus are
an opportunity for the discriminator to over-fit the replay-buffer. To alleviate this issue, we propose to
augment the data-set as proposed in Section [C.I](by using MEGAN coupled with the Idle subroutine.

C.1 IDLE : AN ON-POLICY DATA AUGMENTATION ROUTINE

If the state space S is very large, or even continuous, it becomes quite unlikely to encounter the same
state twice in a (finite) trajectory from a given data-set. In particular, this renders quite difficult the
estimation of future state distribution P(.|s) (where s ~ p(.|s0)).

To circumvent this issue, we propose to use the following on-policy data augmentation
scheme, modeled as a game between a discriminator D : (S X A x §) — [0,1] and a genera-
tor G : S — A(S x A). The objective of the generator is to produce future states similar to the
gathered samples while the discriminator D aims to identify true samples from generated ones, with
the following score function:

V(D,G) =E[log(D(s4,a4|s)) +log(1 — D(sg, ay|s))]

where the expectation is taken w.r.t the future state distribution P?(.|s) for (s, a ), the generator
distribution G/(.|s) for (s, a4), and the marginal over the initial state distribution of the occupancy
measure p,(.|sg) for s. Solving this game approximates P}:
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Proposition 9 (D, C;') = (%7 P} is a Nash-equilibrium of the following zero-sum game:
D~ mfi)nV(D,G) and G* : mng(D,G) (10)

From this proposition, we derive in Algorithm 5] a method to approximate future state distributions
that is used as a subroutine in GIRL. This approach is theoretically feasible given an on-policy data
set (such as the expert’s trajectories). In practice, we noticed that approximating P} using (Idle)
produces reliable generators when the variance of 7 is relatively small, so that future state samples
fall within a reduced range with a high probability. Inversely, if 1 has a high variance, samples from
P would be along extended horizon and the (Idle) discriminator easily picks up on the parts being
learned and halts the generator’s improvement. This either leads to vanishing gradient updates or a
mode collapse.

Algorithm 5 Idle (an on-policy future state generator)

1: Input: On-policy trajectories 7, initial discriminator Dy, and initial generator G,
2: for e € [1, N] do

Sample states randomly (S;, A;) ~ T

Sample (ST, AT) = (S4k, At4x) Where k ~

Sample (S¢, AL) ~ G, (9)

Update the discriminator parameter ¢; to minimise:

> log(Dg,(sy,a4ls)+ Y log(l— Dy, (s1,ay]s))
S;,8t,At Si,84,A%

w

AN A

7: Update the generator parameter v; to minimise: >_s,1og(D(G(s)]s))
8: Return: (Dy,,G,, )

D EXPERIMENTS FOR THE MULTI-TASK SETTING AND THE IDLE PROCEDURE

D.1 FETCH-REACH ENVIRONMENT

We consider in this section the FetchReachE] task from the MuJoCo based environments |Plappert et al.
(2018). To evaluate the generalisability of the learned policies, we only generate expert trajectories
for a subset of possible tasks (only target positions that are 5-10 cm away from the initial gripper’s
positimﬂ to be precise). We evaluate the learned policies in the learned setting (same horizon and
same tasks) and in a generalisability setting (twice the training horizon and the full range of tasks).
As in the simple task setting, we asses performances in terms of normalised cumulative costs.

In Figure[#a] we compare the performances of MEGAN (with and without the data augmentation) and
GAIL over the training. We observe that both GAIL and MEGAN (without Idle) struggle in solving
the problem. However, using the Idle generator reduces the undesirable effect of ray interference and
stabilises the training. Performance wise, the learned policy using MEGAN outperforms the expert
demonstrations in the training tasks while at the same time providing comparable performances in
the remaining set of tasks (as provided in Figure [4b).

It is arguable that the success of MEGAN in the multi-task
setting is explained with the Idle procedure. A similar
approach on GAIL might be appealing. However, this is
not feasible in practice. It is true that the reasoning pro-
vided in Section[C.T|can be developed for any distribution
7, this entails that we can use the same approach to learn
a generator that mimics p,(.|sg). Unfortunately, this is
not feasible in practice (due to the high variance of p,, as
explained in Section [C.I)). The issue at play here is that

— Trajectory

4 sampled pasitions

¥ @ Initial position

”"’t‘ A Target position
o

e
Mg
610351537?375 0-33&

8To the extent of our knowledge, this is the first reported performances of IRL algorithms on a fully continuous
environment
"the maximum range of the arm is about 25 cm Figure 5: Idly generated samples from
expert trajectory
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Figure 4: Performances in the Fetch Reach setting

the latter distribution (p,;) covers all the observations of

the trajectory. Indeed, from our early empirical attempts,

we noticed that learning such distribution is unstable: we

either over-fit a sub-set of the trajectory (notably the sta-

tionary distribution, which is hurtful for our purpose) or

we do not learn the distribution at all. On the other hand,

learning P} conditioned on some intermediate state is a lot easier when we choose 7 such that it

only covers the near future transitions (for example when 1 = Geom(0.7), the average prediction of

P(|s¢) is 3 steps in the future).

In Fi . . Geom(0.7) .
n Flgure we evaluate the learned approximation of Py, on a sample expert trajectory. We

plot the evolution of the (true/generated) gripper position in 3D overtime. For each state encountered

on the trajectory, the learned generator outputs 10 samples (in blue). Clearly, the future state generator

is reliable; this is successful because the distribution 7 is a short term prediction: the learned generator

maps current states to the possible ones in the next few steps.

D.2 MULTI-TASK 2-D NAVIGATION

In this section we report the performances on a custom-made multi-
task navigation environment. The goal is to navigate from an initial
position to a target position while avoiding four lakes. The state
space is constructed by concatenating the coordinates of the agent,
the coordinates of the target as well as the distance from the centre
of each of the four lakes. The action space is the norm 2 ball
{z € R?s.t. ||z|]2 < 1}. The transition kernel is a Dirac mass at
the sum of the previous position and the action vector. If the sum
is within one of the lakes or outside the grid, then the new position
is the projection of the previous position on the border according
to the action direction. In Figure[6 we render the environment to
provide an idea about the task at hand: the lakes are painted in blue,
the agent is the red square, the target is the green square, and the
grey pixels are the possible positions. These positions are the subset ~Figure 6: 2-D navigation envi-
of [~10, 10)? that excludes the points within the lakes. The goal is ronment

to navigate around the lakes in order to reach the target position.

Learning the Idle generator In this section we analyse the ability to learn P and p, using
Algorithm 5] As discussed in Section [C.I} when the target distribution is a short term prediction
of future states, the obtained generator is reliable. We consider in what follows 1 = Geom(0.7) to
satisfy this condition. We use the same hyper-parameters to learn the generator in both cases (! and
pr)- We use 3-layers deep, 64-neurons wide neural networks for the generator and the discriminator,
a batch size of 256 and we iterate the algorithm for 10000 steps. In Figures[7]and[8] we plot the expert
trajectories with black lines, the initial position with green dots, the target position with red dots,
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— miectory
sampled positions

@ taroet position

@ initial position

-1

Figure 8: p, learned generator

and the sampled states with blue triangles. On one hand, we observe in Figure [/|that the P! learned
generator provides reliable samples (in the sense that they follow the trails of expert trajectories).
On the other hand, in Figure [8] we observe that the learned p, generator over-fits the stationary
distribution and only samples states around the target position. The mode collapse is essentially
explained by the fact that most of the samples from the p, distribution are indeed around the target
position.

Learned cost function As discussed in Section |5| we only obtain expert-like performances when
using the Idle generator. However, given that the considered state-space in this section is a 2-D plan,
we can visualise the learned (state only) cost function with a heat-map. We consider five particular
tasks that coincide with reaching the top-left, center, top-right, bottom-left and bottom-right of the
map. Figures[9]and[I0|coincide with such heat-maps, with darker shades for higher costs and brighter
colours for lower ones. In Figure 0] we observe that the GAIL learned costs are particularly low in
the vicinity of the target position while they are evenly spreaded elsewhere. This entails from the
discriminator over-fitting the replay-buffer as most of the observations are drawn from the stationary
distribution. On the other hand, in Figure [I0] we observe that the MEGAN learned costs are high
outside of the paths that lead to the target, and decrease exponentially as we get closer to the goal
position.

E ADDITIONAL EXPERIMENTAL DETAILS

E.1 MAXIMUM MEAN DISCREPANCY EVALUATION

Formally, given a reproducing kernel Hilbert space (RKHS) of real-valued functions A, the MMD
between two distributions P and @ is defined as: MMDy(P,Q) = sup;eqy Ex~p[f(X)] -
Ey~q[f(Y)]. Recall that the reproducing property of RKHS, implies that there is a one to one
correspondence between positive definite kernels k£ and RKHSs H such that every function f € H
verifies f(x) = (f, k(.,x))3 (where (, ) denotes the RKHS inner product). We propose to evaluate
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Figure 9: GAIL learned cost heat-map as a function of the target position

o 20 40 60 80

Figure 10: MEGAN learned cost heat-map as a function of the target position
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the MMD using a kernel two-sample test with the following unbiased estimator (Gretton et al.|(2012):

1 1 1
MMD'H(PaQ)*mZk(xuxJ)+N(N_l)zk(ylayj) N2 Zk(xuyj)
i#£] i#£] 1,]
where (z;)¥, are sampled according to P and (y;)Y, are sampled according to Q. In the

experimental analysis, we only consider the RKHS associated with the radial basis function
k(z,y) = exp(||x — y||?/d) (where d is the dimension of the variables x and ).

E.2 HYPER-PARAMETERS

In this section we provide a detailed description of the used implementation as well as the selected
hyper-parameters.

Expert demonstrations of length MAX-LENGTH are stored in a demonstrator replay-buffer. We use
two additional replay-buffers (one for the policy and one for the expert), with a maximum capacity of
106 transitions that are initially empty. In each cycle, N trajectories from the demonstrator replay-
buffer are sampled and added to the expert replay-buffer. The policy generates then N trajectories,
that are stored in the policy replay-buffer. In the multi-task setting, the tasks of these trajectories are
the same ones in the expert’s samples. The policy is updated each cycle using SAC for SAC-EPOCH
epochs with a bath size of SAC-BATCH. Every D-UPDATE-RATE cycles, the discriminator is updated
for D-EPOCH epochs with a bath size of D-BATCH. The algorithm runs until the policy generates
MAX-TRANSITIONS transitions in total.

The policy, as well as the underlying value functions, are approximated using an N-LAYER-P deep,
HIDDEN-P wide neural networks. The discriminator is approximated using an N-LAYER-D deep,
HIDDEN-D wide neural network.

Env-1D Hopper | Half-Cheetah | Ant | FetchReach | 2-D Maze
N 90 90 90 90 90
MAX-LENGTH 500 500 500 100 50
SAC-EPOCH 500 500 500 300 150
SAC-BATCH 256 256 256 1024 128
D-UPDATE-RATE 1 1 1 5 1
D-EPOCH 50 50 50 500 300
D-BATCH 512 512 512 512 128
N-LAYER-P 3 3 3 4 4
HIDDEN-P 64 64 64 64 64
N-LAYER-D 1 1 1 3 3
HIDDEN-D 16 32 32 16 16
MAX-TRANSITIONS 107 107 107 108 5% 10°

F PROOF OF TECHNICAL RESULTS

We provide in this section proofs for all stated technical results. To find a particular one, please refer
to the following:

Section[F1: Useful intermediate results as well as their proof.

Section[E2E Proofs for the theoretical claims stated in Section[2.3]and Appendix

Section[E3t Proofs for the theoretical claims stated in Section[2.4]

Section[E4t Proof for the theoretical claims stated in Section

Section Proof for the theoretical claims stated in Section (]

F.1 USEFUL INTERMEDIATE RESULTS
For the sake of conciseness, we start by providing important intermediate results that will be used

in the proofs of propositions [6] [2] and [3] The first one (Proposition [T0) transforms 7-weighted
discounted functional averaged over m-generated trajectory into expectations with respect to p,. and
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P! or, equivalently into expectations with respect to ji.. The second one (Proposition[TT)) guarantees
a one on one mapping between occupancy measures and policies.

Proposition 10 For any distribution n, and for any mapping f : S x A — R, the following identity
holds:

B, o[>0 (50, 00)] = / Po(s0)px (s also) P (s 1 atls,a) f(soaz)  (1D)

0,8,8,5+,a+

- / Po(50) (5.0 s |50) F (54 4) (12)

0,5+4,0+

Proposition 11 Let (¢;)52, be a strictly positive real valued convergent series (i.e. ), ¢y < 0o and
¢ > 0), and let P (s, alsg) be the p-weighted occupancy measure associated to the policy w:

(s,alsp) : Zqﬁt (st = s,a; = also)

Then for a given ¢-weighted occupancy measure ® € {®|m: S — A(A)}:

P(s,also)

1- ® is the ¢p-weighted occupancy measure of T := = T a(s,a'[s0)

2- mg is the only policy whose ¢-weighted occupancy measure is ®

PROOF OF PROPOSITION [0k

The proof of the first equality relies on some algebraic manipulations and the law of total expectation.

B, (327" F(s1,00)] = [ po(so) P2, also) Bra (37 o) (13)

50,8,a

/ po(so Zn (sk = 5,0k = als0)Bx[>_ V' f(s11k, arrr) s = 5,05 = a] (14)

0,5,@ t

/Po (s0) 2777 [ [f(5t+kaat+k)|3kvak]‘30} (15)

0,5k;Qk

where E; 5, . designate the expectation over trajectories initialised at the state action couple (s,a).
Using the law of total expectation we can assert that:

Er [Eﬂ [f (Stk> Qrgr) |5k, ak] ‘80} =Ex[f(st4k, arsr)]s0] (16)

=E [Ew [f (St aryr)|se, ae 80} (17)

From this relationship, it follows that:

3, 2327 Flot,a0)] = [ pols0) Y10k s [En[F (0. ) lses ][] (18)

$0,5t,at k.t

= / Po(50) D 7' Prlst = s,a; = als0)Br s, ., [ n(k)f(sk, ax)] 19)
s !

0,5,a t

/ po(50)px (5, al50)En .. . Zn s an)] 20)

0,5,

= [ pulso)ps(sals) S (k) / Pr(spe = 54, 0r4x = 0450 = 5,0 = @) f(s54,0+)

0,5, k 4,04
2n
:/ po(S0)pr(s,also) Pl (s4,ayl|s,a)f(sy,a4) (22)
$0,8,a,54,a
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This concludes the proof of the first equality in Proposition[T0]

The proof of the second equality relies on the Markov property of the environment and some algebraic
manipulations.

B, (320 F(sad] = [ polso)pa(s.also) P2ss i s, ) (51 02) ©3)
+ 50,5,0,54,04
= / Po(50) > ' Pr(se = s,a0 = also) Y _ n(k)Pr(s14k = 54, aex = als; = s,a; = a) f(s4, a4)
80,8,0,84,0+ ¢ k
(24)
= / po(s0 ZV n(k / ( w(st = s,ar = afso)Pr(seir = 54, 001k = alsy = 5,00 = a))f(s+,a+)
S0,54,04
(25)
= / Ppo(so Z’r N(k)Px (st =S4, aer = also) f(s4,a4) (26)
S0,S4,04
— [ ool asls)f (51 a0) @)
S0,S4,a4
This concludes the proof of Proposition [I0]
PROOF OF PROPOSITION [T1}
For the first assertion of the proposition, recall that:
(s,also) : Z(bt (st = s,a; = also) (28)
= Z@ (s: = s|so)m(als) == @ (s]s0)m(als) (29)
This implies that:
P Qr
(570“‘50) — 7T(G’|S) (5‘50) — ﬂ_(a‘s) (30)

fa, D(s,a’|sp) fa, 7(a'|s)P(s]so)

For the second assertion of the proposition, consider two policies 7; and 7o such that @, = ®,.
Notice that:

Vs, s0 € S (o) = 3 0P, o = slo) = [onta) b
- / By (s, als0) = P (5]50) (2)

This can further yield:
VseS,aec A D, (s,als0) = Py (8, al50) (33)
=VseS,ae A D, (s]so)mi(als) = P, (8|s0)m2(als) 34
=VseS,ae A m1(als) = ma(als) (35)

This concludes the proof of Proposition [IT]

F.2 GENERALISED REINFORCEMENT LEARNING
In this section we address the claims stated in section [2.3] as well as those stated in Appendix [A]

Proposition|[T]is recalled for the sake of comprehensiveness, a detailed proof is provided in|Geist et al.
(2019).
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PROOF OF PROPOSITION [3}

In order to obtain the desired result, we exploit both the classical policy gradient theorem and the
product derivative rule. Using elementary calculus, we obtain the following:

VQ po o [Q 9] VQ /pO(SO)Pﬂ'g (5+5 a+|80) o (S+a Cl+) (36)
S0,S4,a4
= Vo [ polso) P, (s lso)ma(a- 505, (54 0) G37)
S0,84,a4
=V [ mo(s)P2 (s 1s0)es, (52 (38)
S0,S+
_ / Po(s0) [v5, ()W P2, (54 150) + P2, (51 |50) Vs, (5+) (39)
S0,S4+
= /po(so)vfw (54)VoP (54 |s0) + /p()(so)P’7 (54]s0)Vovg,(s4)  (40)
50,54 50,54
A
Recall that the policy gradient theorem can be written simply as:
Vsg €S VoEr, [Z yie(se, ar)|so] = Vg/ﬁg(a|50)er9 (s0,a) (41)
t a

= Vout, (s0) = / P (3150 By [QC, (5, a) Vo log mp(a]s)]
) 42)

This concludes our proof as:

A= / Po(50) P2 (54 150) VoS, (54) = / P0(50) P, (5.4 150) P (8154 ) Earany [QS, (5. 0) Vi log o (als)]
50,5+ 50,54,
(43)

PROOF OF PROPOSITION 6}

The proof relies on the definition of the advantage function to obtain the first equality and on
proposition [I0]to obtain the second one. Recall that:

E} {Z’Y Ar (s¢,at } =E} . {Z’Y c(st,as) + vy, (St41) — Vs, (St))} (44)

=EJ o m [=07, (50 +Zv c(st, at)] (45)
= —/ pO(SO)U; 80 + ZOJ"n Z’Y C st7at (46)
S0
£3(morc) R
n —_rn n
= Lj(Tn,c) = Ly(mo,¢) +E] [Z’y 7o (S, Qt } 47)

This concludes the proof of the first equality. In addition, by observing that A, is a mapping from
S x Ato R, we can apply proposition[I0[to further simplify the expectation term:

Epo,mn [27 Ar, (51, ar } :/ Po(50)px (8, also) Pl(sy,ar|s,a)Ax, (s4,ay) (48)

$0,8,a,54,a

This concludes the proof as we have:

Lo (mn, €) ZES(%»CH/ po(s0)pr(s; also) P (s, arls, a)Ax, (sy,at)  (49)

50,8,0,54,0+
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F.3 GENERALISED INVERSE REINFORCEMENT LEARNING

In this section, we address the claims stated in section [2.4]

PROOF OF PROPOSITION 2}

The proof relies on the properties of saddle point Hiriart-Urruty & Lemaréchal| (2013). Let ¢, 7 and 7
be respectively defined as:

ce IRLZ})Q(TFE)

7 € RL$(¢) = RLg o IRLy, () = arg min L{(r, ¢)

7 € argmin max L(m, ¢)
T c

Our goal is to prove that 7 = #. Equivalently (due to proposition[IT)) this boils down to proving that
1z = pz. Using Proposition@ and[TT] we can re-write:

L(m,c):=E] 27 c st,at - Q(m) (50)
- / Po50)pn(5,al30) P (54 0. |s, @)e(s ) — () (51)
50,8,0,54,a4
= L3l = [ molsouslsrarlsole(seian) - Q) (5)
S0,54,a4

This implies that :

pz € argmin L (11, ¢) = argmin L(y, ¢) (53)
neD neD
where:

L:DxR>*A SR (54)
D= {ﬂﬂ (s, also) = Z'y N(k)Pr(St4k = S,k = alsp)|m: S — A(A)} (55)
Llttny) = Lir.€) = ~0(r) = 0(c) + / po(s0)de( ) so) (56)

S0

=) = 00)+ [ polsoelsisa)[unlsraslso) e (52t lso)]| (57)
80,84, 4
In addition, for the same reasons, we have that:
¢ € arg max min L(m,c) — LY (75, ¢) — ¥(c) = argmaxmin L(u, ¢)
c neD
58
i € argmlnmaxL(,u, c) (58)
pneD

Notice that RS> is convex, L(p, c) is convex w.r.t 1 and concave w.r.t ¢ (due to convexity of ¢ and
—). Therefore, the minmax duality property holds as soon as D is compact and convex.

Convexity and compacity of D: We prove this under the assumption that 7 is a geometric distri-

bution (i.e. n = Geom(y;)). To establish the convexity, we prove that D = {f : S — A(S x A)}
where f is a solution of the following equations:

/f (s,als0) = / (s,also) + /, vf(s',d |so)P(s|s’,a)
/f s,alsg) = /h s, also) / Y f(s',d|s0)P(s]s’,a’)

VS,SO S S,a eA /g(s,a|so) -1 +/ ’}/np(8|8/,a/)g(sl,al‘80) . (59)

/h(&a\so) =1 +/ YP(s|s',a’)h(s",a'|so)

’ ’
s’,a

f(s?a'|80) > 07 g<57a SO) > 07 h(S,a|So) > 0
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To this end, notice that for any policy 7, we can verify that (f = pr,g = P, h = p,) is a solution
to Equation [59] We focus now on the converse statement. Let (f, g, h) a solution to Equation
Given the third equality:

/ o(s,alse) = 1+ / P (sl a gl d|s0), (60)

)

we exploit a classical result from the MDP literature [Puterman|(2014), Section 6.9.2], to derive the
existence of a policy 7, such that:

s’,a’

g(s,also) = m4(als) {1 + / VP (sls',a)g(s, a’|so)}

61
o(s, also) (o1

where Vsg € S Wg(a\) m

From Equation |61} we conclude that g is the unique fixed point of a 7y,-contraction. We can verify
that g = P is the unique solution of Equation Using a similar reasoning with respect to the
fourth equality in Equation |3;§|, we conclude that h = p,, where for any state sp € S, we have

mh(als) = % From this, we conclude that for any solution (f, g, h) to Equation there

exist two policies 77, and 74 such that:

[ #salso) = P Gslso) + [ (s o) PGl )

)

VS,SO €3,CLE.A /f(s7a|50) :pﬂh(8|80)+// /’Ynf(s/,a/‘SO)P(S|S/7a’)' (62)
f(s,alsg) >0
which is equivalent to [Puterman|(2014), Section 6.9.2]:
Flsvalso) = mp(als) [P2, (lso) + [ 27(s'also) (sl )
VS, So € S,CL cA f(sv (l|80) = Wf(a|s) [pﬂ'h (3‘50) +/ 7nf(8/7a/|80)lp(5‘5/7a/)}-
f(s,also)
m(als) = F gty (siale0) 20

(63)

Notice that the first equality in Equation[63] implies that f is the unique fixed point of a y-contraction.
We also notice that:

10 (54raslso) Zv / (51,04 ]s)PE (5,als0) 64)
= 3 Aty / L (54,0415, (5,al50) +Z%/ PO (55,0, |5)P (5,als)
kt>0
(65)

:77Tf(a+|3+)/ fR 2, (8" d s0)P(sls', a") +ZW m, (S+1s0)ms(ay]sy)
s’ a’
(66)

= yaslsa) [ A8 (s Plsi IS ) + P2 (s o) (67)

s’a

where P7 (s, als”) = Px (s, = s,a, = a|sy = s°). Thus, we conclude f; i the unique solution
to the first equality. Similarly, we notice that the second equality is a 7,-contraction, whose unique
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fixed point is:

1 (s4raslso) Z’y / PE (54, 04]s)PY, (s, also) (68)
=3 Aty / PE (54, a4 ]s)PL, (5, also) +Zv/ PO, (54, . |s)PL, (5, also)
k>0,t

(69)
= 7-‘-Jc((J"~‘|S‘|‘) |:// , r)/’r]f}rhmf (Slva/|50)7)(5+|slva/) + Prn (S+|50)] (70)

s

We derive from the previously discussed statement, that if ( f, g, k) is a solution to Equation |59} then
there exist three policies (7, 74, 75,) such that:
f = f‘lorg,ﬂ‘f = fT:II:h,‘ITf
=P 71)

h = px,

However, not any random choice of policies (7 ¢, 7y, 7p,) can satisfy Equation By varying v and
n» We notice that in order for the first equality to hold, the following equality must be satisfied for
any integers (k, t), and for any states (s, a4, So):

[P GsaslsPE (svalso) = [ B (510 s)PY, (s.als) )

Sy

by fixing k at zero and varying ¢ and by fixing ¢ at zero and varying k, we obtain the following
constraints:

P =pn
f 9 (73)
Pry = Prp,

Using Proposition[T1]and Equation[73] it follows that Equation [71) admits a solution if and only if
7§ = mg = mp,. This means that if (f, g, k) is a solution to Equation then there exists a policy 7
such that:

f= fg,w = f;,ﬂ' = Hr
g= P! (74)
h=pxr

This concludes the converse statement, proving that D is a set of occupancy measures satisfying the
set of affine constraints from Equation[59} Consequently, D is a convex set. In addition, the limit
of any sequence of elements from D will also satisfy Equation[62] From this we establish that D is
closed which implies that it is also compact.

From this we derive that minmax duality holds and that:
. E — . E
;IL%I% max (u, ) max ffél% (1, €) (75)
From Equation |58} it follows that (jz,¢) is a saddle point for the function L. This implies from
Equation [53] that:

Ui, s € argmin L(j, ¢) (76)
neD

In addition, due to the strict convexity of L w.r.t ;1 (due to assumed strict convexity of (2) we have
that:

fi = pii 77)

which concludes our proof.
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PROOF OF COROLLARY 2.1k

The proof entails directly from the duality of L and that (¢, 1z ) is a saddle point of L.

PROOF OF PROPOSITION 3L

The proof relies on re-writing the n-weighted entropy reguliser using Proposition [I0] and then
verifying its convexity with respect to u, using the log-sum inequality. In fact, notice that:

HJ, (%) = B, [ D7~ log [r(ai]s))] (78)
t

— [ polson (s aslso) og [r(as]s:)] = 2, (ne) (19)
S0,54,04

Consider two n-weighted occupancy measures (i1, 42, and let 1, o their respective policies. Let
A €]0,1]:

[+ (1 = Np2] (s 4, a1 s0)

H O+ (1= M) = [ =polso) s+ (1= Apa] (5,4 ) o |

0284504 L, [+ (1= N pz] (s4,also
(80)
Du to the log-sum inequality we have:
B (A1 + (1 = Npz] (s, a+[s0)
(A1 + (1= N)p2] (54, a4|so) log |:fa Dis + (1= Vpia) (s+’a|80)} (81)
_ _ A1 (54, a4 |so) + (1 — A)pa(s4, a+|so)
R R by o e ey e B
A1 (84, a+[so) (1 = Apa2(s+, a[so)
<A log | ———F———= 1— Aol 83
SAHLI08 [/\ /. u1(5+,a|50)] + Jua log {(1 -/, ,u2(3+,a\30)} (83)
pi1 (54, at[so) pi2(54, a[so)
=AM log | /——————~ 1—XNpsglog | 7F7——F—"———= 84
1 10g [fa /L1<S+,CL|SO):| +( )IU’Q 0og |:fa ,U/2(8+7(l‘80)i| 84
This implies that:
H(Miy + (1= Npz) = M (1) + (1= N H (2) (85)

with equality if and only if m (als) := ; ’Lllt(:’(’;‘lf,ﬁo) =T #Z(j(:‘;ﬂio)

the proof of the n-weighted strict concavity w.r.t the set of measures .

= ma(als). This concludes

F.4 DATA AUGMENTATION

In this section, we provide the proof of Proposition@ We start by noticing that V' (D, G) is the loss
function used by conditional generative adversarial neural networks |[Mirza & Osindero| (2014}, which
minimum w.r.t the discriminator is achieved for the optimal Bayes classifier(Goodfellow et al.|(2014):

P (s, alsp)
Pl(s,also) + G(s,alsp)
where G (s, a|sg) is the probability of generating (s, a) using the generator G. From this, we can
re-write the generator’s loss against an infinite capacity (optimal) discriminator as:

Pr(s, also)

D*(s,alsg) = (86)

m
V(D*,G) = D (P(s,also)|| Pl(s, also)

)+ D (G(s, also)|

Pl (s,also) + G(s,alsg)
87)

=2D;50(G(s,als0)[| P (s, also)) —log(4) (88)

where D, is the KL divergence, and D jg¢ is the Jenson-Shannon divergence. A global minimum
is achieved when G*:

G*(s,al|so) = P! (s,also). (89)

This concludes the proof as it implies that ( = % G= P! is a Nash-equilibrium
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F.5 PARTICULAR SETTINGS OF INTEREST

In this section we address the claims stated in section ]

PROOF OF PROPOSITION [7k

Notice that in this setting:

max L, ) = max | po(so)de () () 90)
€ ¢EClinear J g
= max / Po(s0) [ (84, ax|80) =ty (515 ay|so)|e(sy, ap) oD
inear J s,

. . "
s [ (o0 (504 130) = (524 s0)] B wif(s,04)

92)

w with ||wl|2<1

=  max Zwi/sopo(so)[ﬂrr(3+7a+|80)—Mw5(5+7a+|50)]fi(8+7a+)

(93)
:H /SO po(s0) [ (54, ayso) — I’LWE(8+7a+|SO)]fi(S+’a+)H2 (94)
=B (51~ B, 151, ©95)
This concludes the proof.
PROOF OF PROPOSITION [8F
In this case, we notice the following:
max L(r,e) = max [ po(so)de () (s0) %6)
J—_
= max / (o) (51 150) e s, )]s 1) ©7)

= o[ o) et ailso) < e (ol Y wiilor )
(98)

?

R S Xi:wi /50 po(50) [pr (1, ay]50) = pr (54, a4 |50)] fi(s4, ay)

99)
:m?X/ Po(50) [fir (545 a4 [50) = phmp (54, a4 ]50)] fi(54,a4) (100)
= max,, ()] - E,,, [f] (101)

This concludes the proof.

PROOF OF PROPOSITION [4}

We start by re-writing the cost function as an expectation with respect to the occupancy measure (i,
using Proposition [T}

— fsaso pO(SO)/j"”E(S?a|80)g(c(saa)) l:fC <0
Vean(e) = { +00 otherwise (102)
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With this, we can rewrite the objective function L(m, ¢) in this setting as follows:

L(m,¢) = =Q(m) — ¢(c) -l—/ po(so)de(m||mE)(s0) (103)

=0+ [ po(o0) | [ o als0)o(e(s, ) + (15, al50) = ey 5 also)) 5,0
(104)

Notice that this is the same objective as the one used in GAIL [Ho & Ermon|(2016) Appendix A.2],
where we compute expectations with respect to ., while the do it with respect to p,.. Using the same
change of variable, we can obtain the folowing:

max L(m,¢) = max —Q(m) —l—/ po(so)/ L (8, also)log(D(s,a) — prg (8, alse) log(l — D(s,a))
¢ De(0,1)SxA 50 s,a
(105)

This concludes the proof of Propositiond] as we can state using Proposition [T0}
RL{, o IRL; (7g) = arg min max L(m,c) (106)

=argmin —Q(7) + max E! [logD]—E! _ [log(l1— D))] (107)

. De(0,1)5xA Po,T Po,TE
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