Representations for Stable Off-Policy Reinforcement Learning

A. Linear Algebra and Spectral Theory
A.1. Inner Products

A positive-definite symmetric matrix D € R¥** induces an inner product (-, -) p and norm || - || p on R¥. Specifically, the
inner product is written as (v, w)p = v' Dw, and the corresponding norm ||v||% = (v,v)p = v Dv. This corresponds to
a Hilbert space (R*, {-,-)p). In our work, we equip R (where n = |S x A[) with the inner-product induced by the data
distribution Z. We also equip R¢ (the parameter space) with the usual Euclidean inner product.

Most definitions and constructions with the Euclidean inner product generalize to arbitrary Hilbert spaces, some which we
describe on R™. Two vectors v, w € R™ are orthogonal if (v, w)z = v’ Zw = 0. A matrix A € R"*? is orthogonal if the
columns have unit norm, and are orthogonal to one another: AT ZA = I. The generalization of transposes and symmetrice
matrices comes through the adjoint of a matrix A € R"*", written as A* = 271 ATZ. A matrix is self-adjoint if A = A*,
and for matrices that are not self-adjoint, the symmetric component is given as A = (A + A*). We refer to || A|| as the
matrix norm induced by the equivalent norm on vectors.

Matrix decompositions for a matrix A € R™*™ can be re-visited with respect to this inner-product.

e Spectral Decomposition: If A is self-adjoint, it admits a decomposition A = UAU "=, where U € R™*" is an
orthogonal matrix whose columns are eigenvectors of A and A a diagonal matrix with the corresponding eigenvalues.

e SVD: A admits a decomposition A = UXVTZE, where U € R"*™ is an orthogonal matrix whose columns are the left
singular vectors of A, V' € R™*" is an orthogonal matrix whose columns are the right singular vectors of A, and A
a diagonal matrix with the corresponding singular values. Letting Uy, V; € R"*? correspond to the first d singular
vectors and g € R%*? the diagonal matrix with the corresponding singular values, then the low-rank approximation
A = U;3,4V,"Z minimizes || A — Al|z amongst all rank d matrices.

A.2. Eigenvalues

We define the eigenvalues of A € C*** to be the roots of the characteristic polynomial p(t) = det(A — tI). Some
eigenvalues may correspond to a multiple root — we refer to this multiplicity as the algebraic multiplicity. Every eigenvalue
A corresponds to an eigenspace V) of eigenvectors with this eigenvalue. If the algebraic multiplicity of any eigenvalue
A does not equal the dimensionality of V,, then A is said to be defective. Otherwise, the matrix A is diagonalizable as
PDP~!, where P is a basis of eigenvectors of A, and D the corresponding eigenvalues.

We write Spec(A) = {A1,...Ax} C C to denote the set of eigenvalues of the matrix A. The spectral radius of a matrix is
the maximum magnitude of eigenvalues, written as p(A) = Sup,cgpec(a) |Al- For two matrices A € Ckxm B e C™*F, we
have the following cyclicity: Spec(AB)\{0} = Spec(BA)\{0}. As a consequence, we also have that p(AB) = p(BA).
We utilize this cyclicity heavily in the ensuing proofs.

The perturbation of eigenvalues for a diagonalizable matrix can be bounded simply via the Bauer-Fike theorem. Specifically,
if A € CF*¥ is diagonalizable as PD P!, then eigenvalues of the perturbed matrix \’ € Spec(A + E) can be bounded
in distance from the original eigenvalues as infycspec(a) |A — | < || E||x(P), where x(P) = ||P|||P~!||. As a simple
corollary of the Bauer-Fike Theorem, we have that p(A + E) < p(A) + || E||&(P).
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B. Proofs

Proposition 3.1. TD(0) is stable if and only if the eigenvalues of the implied iteration matrix A¢ have positive real

components, that is
Spec(Ag) C Cy :={z: Re(z) > 0}.

We say that a particular choice of representation ® is stable for (P™,~,Z) when Ag satisfies the above condition.
Proof of Proposition 3.1. We review the update taken by TD(0) (equation 1), rewritten to express the connection to the
implied iteration matrix Ag = ®'Z(I — vP™)®. Notice that A0, = &' =r.
ki1 — O05p =0 —n (2TE(I — yP™)®O, — ' =r) — 05
=0k —07p —n (At — Asb7p)
= —nAg)(0r — 07p)

Unrolling the iteration, the error to the optimal solution takes the form

O — 07p = (I —14s)" (0 — 07p)

This above iteration converges from any initialization 6 if and only if the spectral radius is bounded by one: p(I —nAg) < 1.

From here, we can easily show that TD(0) is stable if and only if Spec(Ag) C C.. If there is some step-size n > 0 for
which p(I — nAg) < 1, then Spec(Ag) C C.. Similarly, if Spec(As) C C., then letting 77 = minyespec(As) lei(ﬁ)
satisfies that p(I — nAg) < 1.

O

Proposition 3.2. An orthogonal representation ® is stable if and only if the real part of the eigenvalues of the induced
transition matrix I1P™11 is bounded above, according to

Spec(ITP™II) C {z € C: Re(z) < % }

In particular, ® is stable if p(IIPTII) < %

Proof of Proposition 3.2. For an orthogonal representation, the iteration matrix can be written as A%, = I — YO TEPT®.
Then,

Spec(Ap) C Cy <= Spec(®'EP™®) C {z € C: Re(2) < 1}
<= Spec(IIP™) C {z € C: Re(z) < %}
<= Spec(IIP™II) C {z € C: Re(z) < %}
The second step falls from the cyclicity of the spectrum and the observation that for an orthogonal representation @, the
projection can be written as ®® " = = II. The spectral radius condition is immediate. O

Proposition 3.3 (SVD). The representation @ gy p is stable if and only if the low-rank approximation pr satisfies

S 1
p(PT) < 3.

Proof of Proposition 3.3. We can write the SVD factorization of the transition matrix as

. ¥ 0] [V~
rew i 3]s

Then, for gy p = Uy, IIPT = U3, VlTE = P7. The necessary and sufficient conditions follow from Proposition
3.2. O



Representations for Stable Off-Policy Reinforcement Learning

Proposition 3.4 (Successor Representation). Recall that Spec(V) C C... The representation ® s, is stable if and only if
the low-rank approximation V satisfies

Spec(¥) c C, U{0}.

Proof of Proposition 3.4. We can write the SVD factorization of the successor representation ¥ = (I — yP™)~1

(1]

¥ 0] [V - . »otooo ] [uf
SR IM)[ 4 S S R i [

Then, for &g = Uy, the iteration matrix can be written as Ag = U 1T EVlZl_l.

Now, writing U as U3, V," = The cyclicity of the spectrum implies the desired criterion.

Spec(¥) = Spec(¥+) = Spec(V1 271U, E) = Spec(UEV1 27 1) U{O} = Spec(A4o) U{O}

Theorem 4.1. An orthogonal invariant representation ® satisfies
Spec(IIP1I) C Spec(P™) U {0}

and is therefore stable.

Proof of Theorem 4.1. Let X be an nonzero eigenvalue of IIP™IT with an eigenvector v. Since IIP™IIv = A\v, v € Span(®).

Since P™ is invariant on Span(®), P™v = Mwv, and therefore \ is an eigenvalue of P”™. Therefore, Spec(IIP™II) C
Spec(P™) | J{0}.

The spectrum of P™ implies the stability of the representation. P7 is a stochastic matrix satisfying p(P™) = 1, and thus
p(ITPTII) < 1, implying stability through Proposition 3.2. O

Proposition 4.1 (Golub & van Loan (2013)). Let |A\1| > |A2| > -+ > |\,| be the ordered eigenvalues of P™. If
|Na| > |Aar1| and ®¢ € C™*9, the sequence @1, ®o, . .. generated via orthogonal iteration is

&) = ORTHOG(Span(P™ ®j_1))
where ORTHOG () finds an orthogonal basis. As k — oo, Span(®y,) converges to the unique top eigenspace of P™.

Proof of Proposition 4.1. See Theorem 7.3.1 in Golub & van Loan (2013). O

Theorem 4.2. Let ® be an orthogonal and e-invariant representation for (P™,~,E) . If P™ is diagonalizable with eigenbasis
A, then ® is stable if
1—v 1
e —— .
v k=(A)

Proof of Theorem 4.2. We can rewrite the definition of e-invariance in terms of a matrix norm: ||P™II — IIP™II||z < e.
Thus, letting £ = IIP™II — P™II, we have || F||z < e.

Now, suppose that IIP™II has an eigenvalue, eigenvector pair (A, v). This means that v € Span(®).

M =TIP™ v = P™'Ilv + Ev = P"v + Ev = X € Spec(P" + E)

Now, the Bauer-Fike Theorem (see Appendix A above) thus implies that p(IIP™II) < p(P™) + exk=(A4) < 1 + ex=(A4).

Now, if € < 1_77 KE% Ay then p(ITP™II) < v~ 1, and stability follows from Proposition 3.2. O
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Proposition 4.2. A representation spanning IKCq(P™,r) is e-invariant if

IILP™v — Pmo|=

<e
l[vll=

Where v = (I —T14_1)(P™)?'r, and I14_, is a projection onto the (d — 1)-dimensional Krylov subspace Kq_1(P™, 7).

Remark: The vector v can be interpreted as the component of the reward at the d-th timestep that cannot be predicted from
the first d — 1 timesteps.

Proof of Proposition 4.2. Any vector v € K4(P™, r) can be decomposed into two components: I1;_1v + (I — IIz_1)v.

|[IIP™w — PToll=  |[OP™ (Ilg_yv+ (I —Ig_1)v) — P" (Hg_1v+ (I —1g_1)v) ||z
[vll= a Mg—1v 4 (I = g-1)v]=
_ P — 1) = PT(I —Tg_1)v]|=
I Mamwwllz + (= Ma-1)oll=

This expression is maximized whenever v is nonzero and || TL;_1v|z = 0, which is true whenever v = (I —II4_1)(P™)? 17,
ITIP™y — P™wv|z  ||IIP™v — P™v||z
sup =
veESpan(P) ”,U”E HU”E
O

Theorem 4.3. A positive-definite representation ® has a positive-definite iteration matrix Ag, and is thus stable.
Proof of Theorem 4.3. First, we show that the iteration matrix Ag is positive-definite, and then show that this implies
stability.

For any # € R?, let v = ®x. Because ® is positive-definite, v € Spp. Notice that rearranging the definition of positive
definiteness implies that (v, (I — yP™)v)z > 0.

2 Az =0 EI —yP™)v = (v, (I — vP™)v)z > 0.

Now, we consider an eigenvalue ) of the iteration matrix A, and a corresponding unit eigenvector z € C?. We know that X
is also an eigenvalue of Ag with unit eigenvector . Then,

(24+7) Az +T) =X 2+ AT 2+ Xz T+ AT'T =20\ + N)

Positive-definiteness implies that 2(A 4+ X) > 0, and therefore the real component of A, Re(\) = (A + \), must also be
positive. O

Proposition 4.3. Let A1, ..., \, be the eigenvalues of K, in decreasing order, and u, . . . , u, the corresponding eigenvec-
tors. Define d* as the smallest integer such that \g~ < % For any i < n — d*, the safe Laplacian representation ®, defined
as

P = [ud*,ud*_H, ce ,ud*+i],

is positive-definite and stable.

Proof of Proposition 4.3. We shall show that Span({wg+, ugs41,...,u,}) € Spp, which implies the proposition.

(v, P™v)z = (v, 3(PT +E71(P™) " E)=



Representations for Stable Off-Policy Reinforcement Learning

Consider some v € Span({ug«, Ug 41, . . . , U, }) Which can be expressed as >, _ ;. cui. We have
(v, P™v)z = (v, 3(P" + 271 (P™) ' E)v)=
= < Z opuk, 5(P™ + =-1(P™)"E) Z Oékuk>
k=d k=d =
= < Z U, Z )\kakuk>
k=d k=d =
<y Z QU Z akuk>
k=d* k=d* =
=7"lv|2
Hence, v € Spp and Span({ug«, g1, - .., un}) C Spp. The second-to-last line is a result of eigenvalues being bounded
by v~ L
Since Span(®) C Span({ug~, ug«+1, - .-, Un}), we also have Span(®) C Spp, and stability ensues from Theorem 4.3.

As a sidenote, we can use this same sequence of steps to show that a representation using only the top eigenvectors of
K is always not stable. Defining the representation ® = [uy, ua, . .., u4-—1], and following the same set of steps yields
that (v, P™v) > v~ !||v||Z for any v € Span(®). This implies that for this representation, the iteration matrix Ag is
negative-definite, and has all eigenvalues with negative real component, therefore not stable. O
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C. Empirical Evaluation
C.1. Experimental Setup

Four-room Domain: The four-room domain (Sutton et al., 1999) has 104 discrete states arranged into four “rooms”. At any
state, the agent can take one of four actions corresponding to cardinal directions; if a wall blocks movement in the selected
direction, the agent remains in place.

Policy Evaluation: We augment this domain with a task where the agent must reach the top right corner of the environment.
The corresponding reward function is sparse, with the agent receiving +1 reward when it is in the desired state, and
zero otherwise. The policy evaluation problem is to find the value function of a near-optimal policy in the environment
Epsilon-Greedy(7*, ¢ = 0.1), which takes the optimal action with probability 0.9, and a randomly selected action otherwise.
Data is collected by rolling out 50-step trajectories from the center of the bottom-left room with a uniform policy, which
samples actions uniformly at random. The discount factor is v = 0.99.

C.2. Exact Evaluation

In this setting, the exact transition matrix P™ and data distribution = are used to create the representation. We compute
the decompositions according to Table 1 and Appendix A. Stability is measured for a given representation by explicitly
creating the induced iteration matrix, computing the eigenvalues, and checking for real positive parts. To measure accuracy,
we considered three metrics (Figure C.2).

e Policy Accuracy: (displayed in paper) This measures how well the greedy policy for the true value function matches
the greedy policy for the estimated value function. This is given as

1 A
— Z d(argmax Q(s,a) # argmax Q" (s,a))
S| a a
seES
e Optimal Projection Error: This measures how far the true value function is from the subspace of expressible value
functions ||Q™ — IIQ™||=. As the number of features increases, this error monotonically decreases, but may not be
indicative of the quality of the solution.

e Bellman Projection Error: This measures how far the solution reached by TD(0) (the TD-fixed point) is from the
true value function: ||Q™ — ®6.||=. This measure of error is nonmonotonic (adding extra features can cause errors to
increase) and unbounded. Furthermore, in the regime of a low number of features, this error greatly underestimates the
quality of the recovered solution.
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C.3. Estimation from Samples

To measure how well the representations can be measured using samples, we consider the difference between the subspace
spanned by the estimated and true representations. In particular, we sample ¢ transitions from the data distribution, and
reconstruct the empirical transition matrix Pr given these transitions. If a particular (s, a) pair is never sampled, the prior
we use for the transition matrix is that taking this action deterministically leads back to s. We construct the estimated
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representation as ®, and measure the distance between the true representation ¢ and the estimated representation d as
|[IIe — I4||=, F. The Frobenius norm || - ||= ¢ is selected in particular as this measures an expected distance, as compared
to the maximum distance, measured by the operator norm || - ||=.

C.4. Estimation with Gradient Descent:

When learning the representation using gradient descent, we train a network f(s, a; §) with one hidden layer with d units
with no activation function, that takes in state-action pairs encoded in one-hot form (as vectors in RI*l) and outputs in
R, In our experiments, d = 21. The value of the units in the hidden layer is the representation ¢(s, a; ). The network is
trained with a minibatch size of 32 for 100, 000 steps, all implemented in Jax.

e Schur Decomposition: To mimic the orthogonal iteration procedure, we use the following training loss function,
where 6, are the parameters for the target network.

LO0)=E (o [IF(5,:0) ~ Baald(s', a5 0)]
s'~P(-|s,a)

This loss is optimized using stochastic gradient descent with a step-size of 4. The target network is updated every 10, 000
steps, and after every target network update, the representation is renormalized to satisfy E(, q)¢[6(s, a; 0)7] = 1.

e Reward Krylov Basis: We use the following regression training loss function
d

2
£(9) = E(sl,a1)~§ [ (f(s,a; a)z - E(SQ,a2,33,a3,...,sd,ad)~P" [T(Sia al)]) ‘|

1=1

where the inner expectation comes from trajectories that are generated from the policy 7 being evaluated starting from
(s1,a1). Although this loss requires that the evaluated policy be run in the environment, it serves a didactic purpose to
show that these Krylov bases can be learned with additional domain knowledge. This loss is optimized using the Adam
optimizer with a learning rate of 10~3.



