ABSTRACT

Offline RL critics fail spectacularly when bootstrapped temporal-difference
(TD) updates amplify their own errors, driving Q-values to extreme,
unusable magnitudes. Prior work blames the backup rule, the network
architecture, or the squared-TD loss. We show a more basic cause: the
optimizer dynamics themselves can trigger or suppress collapse.
Treating offline TD learning as a feedback control system, we analyze
Adam-based critic updates and derive a necessary and sufficient stability
condition: the linearized critic is stable iff the spectral radius of an explicit
augmented update operator stays strictly below one. A tractable sufficient
form of this condition splits into a scale term (handled by standard
normalization) and a geometry term governed by how far the weights
deviate from isometry — motivating parameter orthogonality. Because a
loss-based orthogonality penalty contaminates Adam's adaptive moments,
orthogonality must instead be enforced as a decoupled, optimizer-level
correction. We propose AdamO: Adam plus a budgeted orthogonality drift
on selected weight blocks. AdamO provably never harms worst-case task
descent and preserves Adam's dissipative continuous-time dynamics, yet
is a drop-in replacement — just swap the critic's optimizer. Across D4RL it
consistently improves stability and returns, with the largest gains where
Adam collapses outright.

MOTIVATION

Minimizing the second moment of the temporal difference (TD) residual
& under the dataset distribution, i.e. min E[§2].
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Why Does Adam Trigger Value Collapse?

Adam is not "fast SGD." Its momentum + variance adaptation turn TD learning into a
second-order difference equation, so the right stability object is a spectral radius, not
SGD intuition.

Lineatized TD-error dynamics (frozen/terminal regime). With the Adam-
preconditioned Gram operator K(X1, X2) 2 Z(X1)T D Z(X3), the bootstrapped

update propagates through the greedy targets, giving the TD dynamics operator
In supervised learning, S is
i i ite, the

S 2y K(X', X) |- K(X,X) syr‘r’vmetric, marginally stable case of

the Hurwitz condition, so no positive
. L R feedback, no collapse.
Coupling this with Adam's momentum EMA yields a closed-form second-order

recurrence, summarized by the augmented operator
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Theorem 4.1 (necessary & sufficient). The frozen linearized TD error decays to 0 iff
p(A()) < 1.

Theorem 4.2 + Remark 4.3 (mechanism). If S is Hurwitz, a small enough stepsize
guarantees p < 1. Collapse occurs exactly when bootstrapping turns into positive
feedback that amplifies TD errors faster than the optimizer can damp them; at the

boundary (§R(5\) —+ 0) a unit root appears and training stagnates instead of recovering.

So the entire fix reduces to one question answered next: how do we
keep S Hurwitz? That is

How to Suppress It Without Breaking Adam?
A tractable sufficient condition for Hurwitzness (Prop. 5.1) cleanly separates two

effects. With & = DV2Z(X), &, = D'?2Z(X"):

yl2lz (|l + — Sis Hurwitz.
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(i) bootstrapped scale
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(i) feature geometry

¢ (i) Scale term - already controlled by ubiquitous practice: input normalization
| clipping + spectral-norm constraints.

o (ii) Geometry term -> reduces to a parameter-only neat-isometry defecte =
[[T"F — 1|5, 1e. how far the weight blocks deviate from orthonormal. This is
the missing knob.

Why not just add an orthogonality penalty to the loss? Running Adam on Vft =g+
Ar; feeds the orthogonality gradient into Adam's second-moment recursion

vt = Bove + (1 = Ba) (g¢ + Are) ™2,

$0 Ar; leaks into (mg, vt) and distorts future task steps even after it vanishes (the same
pathology AdamW fixes for weight decay).

PRACTICAL ALGORITHM

AdamO keeps Adam's moments driven only by the task gradient, and adds a per-layer

orthogonality correction that is (a) scale-matched to the Adam step, (b) capped by a
task-alignment budget, and (c) exactly Adam when k=0.
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For each constrained weight block W (regularizer R(W) = }||[W W — I||3, closed-
form gradient r):
luellr

e 1A < el
,

scale-match: &=k

budget: (g, 0)r > —7({g,w)r) ., T€0,1),
with the largest feasible step taken in closed form (Eq. 19), and finally

wer = we — 0 (ue+ 6)

Algorithm 1 AdamO: Adam with Orthogonality Correction

1: Init wo, mo = vo = 0, 1, k, 7 and Adam params
2: fort=0,1,... do

3 g < VLi(w)

4:  Compute standard Adam update u,

5 Compute 9§, by applying (17)—(19) layer-wise
61wy — wp — 1 (ug+dy)

7: end for

Adam

Orthogonality
Correction

EXPERIMENTAL RESULTS

Scarce-data regime: D4RL with 10k state—action pairs. AdamO is
dropped into six offline RL algorithms, TD3+BC, IQL, ReBRAC,
ACTIVE, PARS, SQOG, replacing only the critic optimizer.

Task Name TD3+BC QL ReBRAC ACTIVE PARS $Q0G
Adam  AdamO  Adam AdamO Adam AdamO Adam AdamO  Adam AdamO Adam AdamO

AntMaze-umaze 722 925, 805 924 951.. 973 935, 896 931,
AntMaze-umaze-div 4T.0  82.2... 55.8 59 782, 932 924, 728 871
AntMaze-med-play 0.3 285.  70.4 865, 915 928.. 609 65.4.
AnMaze-med<iv 0.2 164, 66.9 824, 871 90.6.. 658

00 137 35 565, 6.6 529, 526 3

00 165 6 618, 508 565, 47.5
AntMaze-ultra-div 0.0 24, . 198, 121 486,.. 0.0
AnMaze-ulira-plyy 0.0 1.8, 2685, 132 115, 5.9 624, 0.0
AntMaze Avg. 150 318, 64.6,.., . 706 T30, 487

HalfCheetah-m 449
HalfCheetah-mr
HalfCheetah-me
Hopper-m
Hopper-mr
Hopper-me
Walker2d-m
Walker2d-mr
Walker2d-me

494,
471,
L0 TL5,
5 86.2,.,,
708

3

: 68.7
66.1,,,,. 47.3

80.8,..

Locomotion Avg. 206 708, 66.2 . 536 594,
Pen-human —41 831. 701 1025 T 770 759,
Pen-cloned : . 107.1 736 8740
Door-human : 01 —01 01,
Door-cloned 0.1 [IN)
Hammer-human 03 03 0
Hammer-cloned 1.6 5.1 6.
Relocate-human 01 C 02 060
Relocate-cloned 01 0.0, 00 01 00,0, 02 06,
Adroit Avg 03 209,00 17.0 251 262, 195 216,
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