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Abstract. Representation Autoencoders (RAEs) enable diffusion mod-
els to operate in the feature spaces of pretrained visual encoders. How-
ever, many off-the-shelf encoders are not optimized for faithful recon-
struction and often discard fine-grained visual details. Finetuning these
encoders for image reconstruction can recover such details, but we show
that it also reduces the effective dimensionality of the resulting represen-
tation space. We analyze how this altered geometry affects generation in
high-dimensional feature spaces. Under this geometry, standard veloc-
ity prediction in flow matching can require the model to fit orthogonal
noise directions outside the low-dimensional signal manifold, making op-
timization inefficient. This motivates the clean data parameterization
(zo-prediction), which focuses learning on the underlying signal mani-
fold. Across experiments with multiple reconstruction-finetuned feature
sets, we show that xo-prediction consistently improves text-to-image gen-
eration performance.

Keywords: Text-to-image generation - Representation autoencoder -
xo-prediction

1 Introduction

Diffusion and flow-matching models [24}/35,[36,/61] have emerged as a standard
paradigm for high-fidelity visual generation, including text-to-image synthe-
sis [45147,49]. To improve their computational efficiency, it is common to perform
generation in latent space. Early work used features produced by variational au-
toencoders (VAEs) [28,/47]. Since these latent spaces are low dimensional and
often discard perceptually important information [64}/85], an emerging line of
work on representational autoencoders (RAEs) [551/64185] has aimed to perform
generation in the feature space of pretrained semantic visual encoders, such as
self-supervised features |42| and vision-language features [65].

However, in contrast to the VAEs used in traditional latent diffusion models,
there is no guarantee that these semantic encoders capture all of the information
that is present in an image, since they are not explicitly trained for reconstruc-
tion. As shown in Fig.[I] this can lead to the loss of high-frequency information
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Fig. 1: Reconstruction and learnability of high-dimensional representation
autoencoders. Finetuning by reconstruction improves detail preservation but makes
simple single-image overfitting more difficult under standard velocity prediction in flow
matching. Clean data (zo) prediction mitigates this optimization difficulty. (a) Frozen
DINOv2-L latents can be fit quickly with wv-prediction, but have limited recon-
struction fidelity. Reconstruction-tuned DINOv2-L and MAE-RAE produce
more faithful reconstructions, yet w-prediction converges slowly in a simple single-
image overfitting test. In contrast, axo-prediction optimizes more efficiently in these
strong-reconstruction representation spaces. (b) This optimization advantage transfers
to text-to-image generation, where xo-prediction improves GenEval and DPG-

Bench .

such as text, fine textures, and small objects. A natural way to address this is
by finetuning the semantic encoders with an autoencoding loss [71[52}/63,[801/83].

While these reconstruction-tuned feature spaces often improve generation
quality, we find that training text-to-image diffusion models on them can be sur-
prisingly challenging under standard formulations. As shown in Fig. [1] standard
velocity prediction with flow matching becomes harder to optimize in
the resulting high-dimensional feature space, converging slowly even in a simple
single-image overfitting test.

Prior work addresses this issue by compressing the latents down to a lower di-
mensional space , but this can discard important information. Diffusion
is not performed directly in the reconstruction-tuned high-dimensional feature
space, leaving the potential of these representations for generation largely unex-
plored.

In this paper, we aim to address these optimization challenges and train im-
age generation models directly in high-dimensional, reconstruction-tuned feature
spaces. We observe that this optimization difficulty is closely tied to the effec-
tive dimensionality (the minimum number of components required to explain
a certain percentage of total variance) of reconstruction-tuned representations.
Although the feature dimension is large (e.g., 768 or 1024), the learned features
concentrate near a much lower-dimensional subspace, exhibiting a sharp collapse
in effective dimensionality. Under this geometry, the standard velocity target de-
composes into a manifold-aligned component plus an orthogonal component that
is largely uninformative about the clean representation. In high dimensions, this
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orthogonal term can dominate, making optimization inefficient and degrading
sample quality.

Guided by this analysis, we propose a simple but effective change. Instead of
predicting velocity, we take inspiration from Li and He [33] and directly predict
the clean representation (xo-prediction) in the high-dimensional feature space.
We identify and quantify a reconstruction-induced effective-dimensionality col-
lapse in high-dimensional latent spaces, and analyze why the resulting geometry
makes standard v-prediction inefficient in this regime. By focusing learning on
the low-dimensional signal component and avoiding explicit regression of or-
thogonal noise directions, xg-prediction yields faster convergence and improved
generation. Across two strong-reconstruction tokenizers (fine-tuned DINOv2-L
and an MAE-based RAE [22,/85]), @o-prediction consistently improves text-to-
image performance on GenEval [19], DPG-Bench [25], and COCO-30k FID [34],
matching or surpassing the corresponding frozen semantic baselines.

Our main contributions are threefold:

e We identify and quantify an effective dimensionality collapse in reconstruction-
tuned high-dimensional representations, and show that this collapse is cor-
related to slow convergence of standard velocity prediction.

e We analyze why x prediction is better suited to this regime, showing that
it mathematically bypasses the orthogonal noise components that hinder
standard velocity targets in high dimensions. This allows the diffusion model
to efficiently isolate and learn the underlying low-dimensional signal.

e We demonstrate that xg-prediction consistently improves text-to-image gen-
eration in strong-reconstruction representation spaces, enabling a finetuned
model to effectively surpass the generation quality of its frozen semantic
baseline counterpart.

2 Related Work

2.1 Diffusion and Flow Matching

Diffusion and flow matching models have emerged as an important paradigm
for text-to-image generation. Transitioning from early U-Net-based architec-
tures |24}41, /48] to modern diffusion transformers (DiT) [39,44], these models
have exhibited exceptional scalability and synthesis quality for high-fidelity gen-
eration |2}[16}|31}/45,147,149,/72]. Diffusion models [14}[24]/41}|58,/59./61] define a
probability path from noise to data through a predefined noise scheduler, which
specifies how signal and noise are mixed over time. Training learns to reverse
this path via iterative denoising, with the network commonly parameterized
to predict noise € [24], clean data @ [59], velocity v [50|, or the score func-
tion Vg, logp:(x:) [60]. Flow matching instead defines an explicit deterministic
straight-line path between noise and data, and directly trains a neural network
to predict the velocity field that transports samples along this path [35}36]. Un-
der a unified probability path perspective [27,|35], diffusion and flow matching
mainly differ in the choice of path and parameterization, which in turn induces
different time weightings in the training objective.
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2.2 Unifying Representation Learning and Flow Matching

Recent work shows that strong representation learning benefits generative mod-
eling, and existing approaches fall into two directions. The first direction aligns
diffusion model features with pretrained representations during diffusion train-
ing [54,/69,[73L|77]. For example, REPA |[77] explicitly supervises the intermedi-
ate features of diffusion models to match semantic encoder features [22,|42}|65],
thereby injecting structured semantic priors directly into the diffusion model.
This alignment improves semantic consistency and generation quality without
modifying the latent space or redesigning the overall diffusion architecture.

The second direction redesigns the latent space itself via representation au-
toencoders [7,8,/76,/84L[85]. Specifically, AlignTok |7] proposes a three-stage fine-
tuning strategy for pretrained encoders, enabling them to capture high-frequency
details for improved reconstruction while preserving semantic structure for bet-
ter generation. However, it typically operates in lower-dimensional latent spaces,
since diffusion models are difficult to train effectively in high-dimensional repre-
sentation spaces. In contrast, RAE [85] leverages pretrained encoders [22,/42,/65|
as frozen feature extractors and demonstrates that diffusion models can oper-
ate directly on such high-dimensional semantic latents using a wider diffusion
head and modified noise scheduling. However, the use of a frozen encoder limits
reconstruction quality.

Our work follows the second line of work. Following AlignTok [7], we extend it
to high-dimensional latent spaces, which naturally improve reconstruction qual-
ity, and demonstrate that such representations can still be diffused effectively.
Moreover, we find that simply adopting RAE-style designs is not sufficient to
fully address the diffusibility challenges [32,57] in high-dimensional latent spaces,
motivating a more principled treatment of this regime.

2.3 Clean image (o) prediction

Diffusion models admit several parameterizations of the reverse process, includ-
ing predicting the reverse-process mean, the added noise €, the clean data x,
or the velocity v. Early diffusion probabilistic models learned reverse transition
statistics directly [58]. DDPM popularized e-prediction as a simple and effec-
tive training target, while also discussing alternatives such as xq-prediction |24].
Clean image prediction is also natural in image restoration, where the goal is to
recover the underlying clean signal [12L|40L(75].

Recent work such as JiT [33| revisits xo-prediction and argues that it is
particularly beneficial in high-dimensional settings, where clean images lie near
a low-dimensional manifold while noise targets do not. Their analysis mainly
focuses on pixel space. In contrast, we study xg-prediction in high-dimensional
representation spaces, and connect its benefit to the effective-dimensionality col-
lapse induced by reconstruction tuning.
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3 Method

We first review the preliminaries, then analyze why the standard v-prediction
objective used in flow matching is difficult to optimize in high-dimensional
reconstruction-tuned representation spaces, motivating xg-prediction as a simple
alternative.

3.1 Preliminaries

Flow matching. In standard practice, flow matching [35/36] uses linear in-
terpolation between clean data @y ~ pdata(x) and randomly sampled isotropic
Gaussian noise € ~ N (0,I) as input: z; = (1 — t)xo + te, where ¢ € [0, 1] sam-
pled from predefined time schedule. The velocity v = € — @ is employed as the
training target to supervise models. The loss function is defined as follows:

L =Bty ellvo(zi,t) — vl (1)

where vy is a function parameterized by 6. Usually, vy is the direct output
of model [35,[36]. Velocity prediction can achieve strong performance for low-
dimensional VAE latent [16,/31/67].

Representation autoencoder. RAE [85] uses pretrained representation en-
coders (e.g., SigLIP2 [65] and DINOv2 [42]) to produce latents for diffusion mod-
els [441[47]. It presents promising performance for class-conditioned generation.
Scale-RAE [64] scales further for text-to-image generation by using SigLIP-2 [65].

xzo-prediction. Recently, JiT [33] shows that standard velocity prediction
struggles when data lies on a low-dimensional manifold within a high-dimensional
space such as pixel space. Thus, it employs model to predict clean data xy di-
rectly and velocity loss v-loss by transformation: vy = 2522 where x4 is the
model output, target is v = #:5%¢. The loss function becomes:

2
Lo — Tg

L= Epayellv(zi,1) = v[* = By gy e | =

(2)

3.2 Strong-Reconstruction Representation Autoencoder

Representation Autoencoders (RAE) [64,[85] accelerate text-to-image diffusion
training by adopting features from pretrained semantic encoders as their latent
representation. Yet, these semantic latents typically omit high-frequency infor-
mation crucial for precise reconstruction. While tolerable for standard genera-
tion, this degradation would be severely amplified during fine-grained generation.
We show reconstruction and overfitting results in Fig. 2] where generation by
using tokenizers from RAE [85] could be bottlenecked by reconstruction in some
cases. Consequently, we are motivated to explore generative modeling utilizing
strong-reconstruction representation autoencoders, which also inherit semantic
information.
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Table 1: Effective dimensionality and reconstruction. We report the effective di-
mensionality and reconstruction performance (PSNR) on the ImageNet [13] validation
set. We evaluate two main groups of tokenizers/encoders. The first group utilizes check-
points from RAE [85|, where all encoders are kept frozen and the decoders are trained
on ImageNet [13] (* indicates we trained the decoder for MAE-B from MAWS [56] on
ImageNet using the same architecture). For the second group, we train two decoders
separately: one with a frozen DINOv2-L [42| encoder and another with an unfrozen
encoder following [7]. R- is defined in Eq. (4), which means minimum number of com-
ponents required to account for at least 7% of the variance.

Traini . R .
Tokenizer /Enco der dl";l;l;zf Dimensions Rec&r)lg‘i\rﬁl%c)tlon
Full Rg() Rgs Rgg

DINOv1-B |4| IN-1k |13| 768 502 595 701 —
DINOv2-B-RAE [42,85] LVD-142M 768 507 611 726 18.85
SigLIP2-B-RAE |65,85] WebLI |11| 768 460 578 715 19.10
MAE-B-RAE |22,85| IN-1k |13| 768 103 252 578 28.13
MAE-B-1G-3B* [56] Instagram-3B 768 197 348 595 27.67
DINOv2-L |42| LVD-142M 1024 672 811 965 17.34
Finetuned DINOv2-L — 1024 129 302 726 29.12

Effective dimensionality of representations. A straightforward approach
to improving the reconstruction of the representation autoencoder is to finetune
it using a reconstruction objective. However, as shown in Fig. [I| we find that
it is challenging to perform standard flow matching v-prediction in the result-
ing representation space. Thus, we analyze the singular value spectrum of patch
embeddings across different models. For each model, we extract L2-normalized
per-patch features for 200k patches randomly sampled from ImageNet |13|. Con-
cretely, for each model, we employ singular value decomposition (SVD) for the
concatenated patch embedding matrix H € RN*P to obtain singular values
01,02, ...,0p in non-increasing order, where N is the number of patches and D
2

is the embedding dimension. The total energy is F = Zzpzlai, and fraction of

2
energy explained by component ¢ is f; = % The cumulative energy of the top
k components is:

k k
Zi:ﬁ"?

Clhy =" fi= =217 3)
Therefore, we define the effective dimensionality as:
R, = min{k | C(k) > 7}. (4)

This represents the minimum number of components required to account for
at least 7% of the variance in the feature embedding. In our analysis, we eval-
uate 7 € {90,95,99}. We present the effective dimensionality and reconstruc-
tion performance on ImageNet [13] validation set of two main groups of en-
coders/tokenizers in Tab. |1} We present qualitative reconstruction results in Fig.
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Fig. 2: Reconstruction and overfitting for representation autoencoders. We
show reconstruction and overfitting results for two groups of tokenizers. The first group
is RAE . For the second group, we train two decoders separately: one with a frozen
DINOv2-L encoder and another with an unfrozen encoder (finetuned) following .

First, we reuse the decoder checkpoints from RAE , where all encoders
are kept strictly frozen and the decoders are trained on ImageNet for re-
construction. Additionally, we train a decoder for MAE-B from MAWS on
ImageNet using the same architecture. This MAE-B variant is pretrained
on the much larger Instagram-3B dataset. Finally, following prior work , we
train two separate decoders for DINOv2-L on ImageNet for image recon-
struction: one where the DINOv2-L encoder remains strictly frozen, and another
where the encoder is unfrozen and finetuned during training.

As shown in Tab. |1} the effective dimensionality for the DINOv2 and
SigL.IP2 models remains high compared with the full feature dimension,
which could partially explain their promising generation performance. DINOv1 ,
despite only being pretrained on ImageNet , also maintains a high effective
dimensionality. In contrast, MAE , whose pretraining objective is reconstruc-
tion, exhibits a much lower effective dimensionality, even when trained on a
large-scale dataset . Similarly, the finetuned DINOv2-L has a significantly
lower effective dimensionality than the original frozen DINOv2-L . These re-
sults indicate that when an encoder is trained for reconstruction, the ratio of
effective dimensionality to the full feature dimension shrinks significantly.

We further visualize this compression via normalized singular value decay and
cumulative explained variance in Fig. [3] As observed, the normalized singular
values of MAE decay rapidly, a bottleneck that persists even when pretrained
on the massive Instagram-3B dataset. Similarly, when DINOv2-L is finetuned via
reconstruction, a much smaller number of principal components is required to
capture the same amount of variance compared to the original model. A potential
reason for this is that to perform reconstruction, the encoder must capture a
significant amount of high-frequency information from the original image. Since
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Fig. 3: Effective dimensionality of vision encoder representations. We analyze
normalized singular value decay (log-scale y-axis, normalized by 1) and cumulative ex-
plained variance for the visual encoders listed in Tab.[T[Jand observe that reconstruction-
based objectives significantly reduce effective dimensionality. For instance, the normal-
ized singular values of MAE decay rapidly, even when pretrained on the massive
Instagram-3B dataset. Similarly, when DINOv2-L is finetuned via reconstruction, a
much smaller number of principal components is required to capture the same amount
of variance compared to the original model.

natural images are suggested to reside on a low-dimensional manifold @,
the features are forced to mimic this lower-dimensional distribution.

Based on Tab. [[]and Fig. [3] our hypothesis is that high-dimensional encoders
that are trained or finetuned for image reconstruction objective will concentrate
near a low-dimensional subspace. Assume the observed high-dimensional feature
xo € R", extracted by a visual encoder, lies within a lower-dimensional subspace.
Specifically, ¢ is generated from a true latent variable ¢y € R! via the linear
mapping €y = Qco, where the columns of Q € R"*! form an orthonormal basis
for the subspace (i.e., QTQ = I}). Input 2" = (1—t)xy+te;, could be decomposed
into 27 = Q((1 —t)cy + te) +tey, where €, = €, — Qe = (I — QQT)ey,. 2L =
(1—t)eg+te; can be viewed as manifold component. € is the normal component
and we have (I — QQT)z! = te,. The model that predicts velocity in high-
dimensional space is defined as: v}}(2},t) = E[en—xo|2}] = E[Q(€/—co)+e€ |2]].
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Therefore, we can obtain

v (2, t) = E[Q(e — co)|2)] + Ele |2

5

= Quy(QT 2/, 1) + %(I -QQ ")z °
When the dimension of x( is much higher than the dimension of ¢g (h > 1), the
model needs to allocate substantial capacity for +(I — QQ")z}. As discussed
in [83], one solution is to train an adapter to reduce dimensionality. Instead, we
focus on predicting high-dimensional features in this paper, as retaining dimen-
sionality might be able to retain both rich semantic information and reconstruc-
tion capability. The second term in Eq. is from €, , which is introduced by
€, in the vanilla velocity prediction training target. To avoid this, we employ
the model to predict xg directly:

(2], 1) = Elzo|2] = E[Qeo|Qz; + te1] = E[Qeo|Qzy ter].  (6)
Since Qcg is independent of te, , Eq. @ could be simplified to:
(2}, 1) = E[Qeo|Qz1] = QEleo|Qzy] = Quf(2), 1). (7)

Eq. shows that directly modeling 2y € R” in high-dimensional space could
predict ¢y € R! more efficiently, especially when h >> 1.

xo-prediction for representation latent. Based on our analysis above, we
prefer to do xg-prediction for strong-reconstruction representation autoencoders.
Specifically, given text-image pair (I;,T;), extracted text embeddings act as the
condition y, for diffusion transformer axg. Feature h; produced by representation
autoencoder g: h; = g(I;) is used as latent for diffusion. Given input h;; =
(1 —t)h;0 + te, DiT is trained to denoise noisy image representations. The loss
function is defined as follows:

2

; (8)

h;g—xg(h; ¢+, t,y,;
ﬁDiH:Et,hi)O,e 7,0 055 i, yz)

where h; o means the clean feature h;o := h;. In practice, we clamp ¢ to a
minimum of 0.05, following [33|, to prevent numerical instability.

Text-to-image generation architecture. As shown in Fig. [} we mainly
focus on using representation autoencoder with strong reconstruction perfor-
mance for text-to-image generation. The high-dimensional visual features pro-
duced from it are used as latents for diffusion. For the generation framework, we
adopt an architecture similar to MetaQuery [43] and BLIP3-o [9], where we use
a frozen pretrained vision language model (VLM) for the autoregressive model.
Learnable query tokens are employed to extract text information as conditioning
for randomly initialized diffusion transformer (DiT).
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Fig.4: Method. (a) We unfreeze pretrained visual encoder when training the de-
coder for reconstruction. Then we use high-dimensional representation from finetuned
encoder as latent. (b) We use autoregressive model and query tokens to extract text
embedding as conditioning for DiT. Due to the low-dimensional manifold property, we
employ x( prediction to train text-to-image DiT more efficiently.

4 Experiments

4.1 Implementation Details

We use Qwen3-VL-2B-Instruct as our (frozen) autoregressive model and
Lumina-Next with 1B size as our DiT. The DiT consists of 24 layers and
24 attention heads per layer, with a hidden dimension of 1536. The number of
query tokens is set to be 64. We use AdamW with the learning rate of 1074.
Global batch size is 1024. We use a 34M subset of the public pretraining dataset
used in BLIP-30 @II All text-to-image generation models are trained for 90k
steps. The whole size of the public BLIP-30 IEII pretraining dataset is 39.3M.
It combines mostly webdata like CC12M , SA-1B , and JourneyDB ,
and recaptions many images. VLM is frozen during training. DiT and learnable
query tokens are trained from scratch. Following prior work , we adopt
the uniform time schedule with a shift for DiT training. Concretely, given base
t,, the shifted t,, is defined as follows:

aty,

T 1+ (a—Dt, )

tm

where o = /"%, m = number of image tokens x token dimension. We use n =
4096 following RAE [64,]85]. We use two tokenizers: 1) frozen MAE pretrained
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Table 2: Evaluation of finetuned DINOv2-L. We compare the text-to-image gen-
eration performance of the original DINOv2-L [42]| against our finetuned variants on
three benchmarks: GenEval |19], DPG-Bench |25|, and COCO-30k FID |34]. Following
RAE [85], we use standard v-prediction for DINOv2-L. For the fine-tuned models, we
evaluate v and xo prediction targets. The FT-DINOv2-L-low-dim variant utilizes a
trained adapter to down-project high-dimensional features, performing standard flow
matching in this lower-dimensional space. Best are highlighted in bold.

Tokenizer Dimension i);;(i GenEvalt DPG-Bencht COCO-30k FID|
FT-DINOv2-L-low-dim 32 v 10.99 73.04 17.64
DINOv2-L 1024 v 37.63 70.21 18.34
FT-DINOv2-L 1024 v 30.96 67.47 29.97
FT-DINOv2-L 1024 o 39.48 71.83 16.80

on ImageNet 13| paired with a ViT-XL [15] decoder from RAE [85|, which is
also trained on IN-1k [13]|, and 2) we unfreeze DINOv2-L [42] during recon-
struction training on IN-1k [13|, which is paired with a decoder with the similar
architecture as VAE used in stable diffusion |47] following [7].

When we finetune encoder of DINOv2-L [42], we also leverage semantic
preservation loss besides reconstruction loss to prevent collapse following [7].
Specifically, for each image I;, feature h; is extracted by original DINOv2-L [42]
g for semantic preservation. The final loss to finetune encoder DINOv2-L g/ is
defined as follows:

Lpr = Hg(I) - g/<1)||2 + Lrecons (1())

where L econ consists of pixel-level L1, perceptual, and adversarial losses. All
experiments are conducted at a resolution of 256 x 256. The model training is
using either 64 NVIDIA A100 or 32 H200 GPUs.

4.2 Evaluation

We evaluate FID [23] on COCO-30k [34] for image quality. Following prior
work [9,(64], we also use two widely adopted metrics: the GenEval score [19)
and the DPG-Bench score [25] for evaluation of text-image alignment. We em-
ploy a 100-step Euler sampler for generation.

4.3 Text-to-image Generation Comparison

xo-prediction better than v-prediction for strong-reconstruction rep-
resentation autoencoders. To evaluate the finetuned DINOv2-L tokenizer,
we compare four configurations: (1) the original DINOv2-L |42 tokenizer us-
ing v-prediction, following RAE [85]; (2) the finetuned DINOv2-L tokenizer
using standard v-prediction; (3) the finetuned DINOv2-L tokenizer using xg-
prediction; and (4) a low-dimensional variant. For this fourth setup, we train



12 C. Feng et al.

“A quiet lake surrounded by autumn

"a photo of a pink “a photo of an "a photo of two “a photo of a troes, their loaves a mix of red,
i P orange, and yellow. The water is so
car” apple” baCkPECkS, left is sailing boat on still that it perfectly reflects the forest
PP red, right is blue” the sea” and the clear sky above, creating a
4 scene o nquilty”

Fig.5: Qualitative comparison of xy and v predictions for finetuned
DINOv2-L. We present text-to-image generation examples comparing the xo and
v prediction targets using the finetuned DINOv2-L tokenizer. The results demonstrate
that @¢ prediction yields better visual quality.

an adapter to down-project the high-dimensional (1024-dim) features into a 32-
dimensional space, perform standard flow matching (v-prediction) in this com-
pressed space, and train the decoder specifically on these 32-dimensional features
rather than the full 1024 dimensions following . We present result in Tab.
When we finetune DINOv2-L by reconstruction objective and perform stan-
dard w-prediction, we observe performance deterioration on three benchmarks:
GenEval [19], DPG-Bench [25], and COCO-30k FID as suggested by our
analysis in our analysis in Sec. [3.2] Even though unfreezing encoder should let
encoder capture more information about image, diffusion model seems to strug-
gle to denoise finetuned features correctly. This suggests that finetuning decoder
by reconstruction makes the diffusibility of representation space decrease for
standard flow matching v-prediction.

However, switching to xg-prediction boosts performance by a relatively large
margin and surpasses original DINOv2 with wv-prediction. This solidifies
our analysis in Sec. [3.2] when effective dimensionality of visual representation is
low (e.g., finetuned DINOv2 in Tab. , using xg-prediction leads to faster con-
vergence for generative models. We present some qualitative results in Fig. [5] to
compare xg-prediction and v-prediction for finetuned DINOv2 tokenizer. Fig.
shows that xg-prediction leads to better overall visual quality, such as object
structure and text alignment. For example, given text prompt “a photo of a
pink car”, sampled image by w-prediction struggles to capture the global ge-
ometry of the object, resulting in amorphous, blob-like structures. In contrast,
xo-prediction maintains strong structural integrity and generates geometrically
coherent objects.

Additionally, we present results for tokenizer MAE-RAE in Tab. (3] where
encoder MAE is pretrained on IN-1k and kept frozen during training of
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Table 3: Evaluation of MAE-RAE. We compare the text-to-image generation
performance of @y and v predictions for MAE-RAE [85] across three benchmarks:
GenEval [19], DPG-Bench [25|, and COCO-30k FID [34]. Best are highlighted in bold.

Tokenizer Dimension Pretilgzlon GenEvalt DPG-Bencht COCO-30k FIDJ
MAE-B-RAE 768 v 36.17 67.54 22.20
MAE-B-RAE 768 o 40.89 73.90 17.24

decoder. The pretraining objective for encoder MAE is reconstruction, it has
low effective dimensionality compared with its own full feature dimension as
suggested in Tab. [Il As shown in Tab. [3| xq-prediction improves text-to-image
generation performance on three benchmarks in comparison with v-prediction.
The qualitative results in Fig. [6]show that sampled images by @o-prediction have
better object structure and richer details. These results suggest that when high-
dimensional visual feature/latent resides on a low-dimensional manifold, using
xo-prediction can make diffusion models on this high-dimensional representation
space converge faster and yield better sampled results.

Reconstruction still matters for generation. The semantic space formed
by pretrained visual encoders like DINOv2 [42] can lift a lot for generation. Se-
mantics help models converge faster |6485]. To investigate whether reconstruc-
tion can help generation, we compare tokenizer of original DINOv2-L [42] with
tokenizer of finetuned DINOv2-L. For original DINOv2 [42], we use v-prediction.
xo-prediction is employed for finetuned DINOv2-L since previous section sug-
gests that v-prediction struggles to diffuse efficiently for finetuned DINOv2-L.
Quantitative and qualitative results are presented in Tab. [2] and Fig. [7] respec-
tively. Tab. |2 shows that finetuned DINOv2-L achieves better results on three
benchmarks: GenEval [19], DPG-Bench [25], and COCO-30k FID [34], which in-
dicates that tuning encoder by reconstruction can help generation. As presented
in Fig. 7] diffusion model based on original DINOv2-L [42] fails to capture cor-
rect color information (e.g., "a photo of a purple backpack") or the object
integrity when texture is complicated (e.g., "a photo of a bicycle"). Though
Scale-RAE [64] presents that scaling the size of training dataset can alleviate this
problem, our experiments show the certain limitation of using features from pre-
trained semantic encoders without reconstruction tuning. We will explore more
regarding building visual encoder for generative and unified models (understand-
ing and generation) in the future.

High-dimensional diffusion is inherently harder than the low-dim.
Following |[7], we train another variant for finetuned DINOv2-L. Concretely,
we set a two-layer MLP after encoder to down project high-dimensional fea-
ture (1024-dim) to be low-dimensional (32-dim), the subsequent decoder is also
based on 32-dim features to do pixel decoding. We use w-prediction follow-
ing standard practice for this low-dimensional latent space. We present results
in Tab. [2| While the low-dimensional bottleneck (FT-DINOv2-L-low-dim) achieves
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Fig. 6: Qualitative comparison of xy and v predictions for MAE. We present
generated examples comparing the oo and v prediction targets using the MAE-RAE
tokenizer . The results demonstrate that @ prediction yields better visual quality.

stronger text-alignment metrics (GenEval and DPG-Bench ), this com-
pression comes at the cost of image quality, yielding a worse FID score (17.64).
In contrast, our unbottlenecked high-dimensional approach with xq-prediction
avoids this dimensionality reduction, achieving better visual fidelity (FID 16.80)
while maintaining competitive semantic alignment. This demonstrates that -
prediction successfully mitigates the optimization difficulty of high-dimensional
spaces, preserving the rich, fine-grained details of strong-reconstruction encoders.

Table 4: Scaling to a larger dataset. We train our method on a larger-scale dataset
and perform supervised fine-tuning (SFT) at resolutions of 256 and 512. The asterisk
(*) denotes our own SFT implementation.

Method DiT size Training dataset Latent dim. Res. GenEvalt DPG-Bencht
Ours 1B 90M 1024 256  43.84 76.15
Ours 1B 90M + SFT 60k 1024 256  78.62 80.13
Ours (512) 1B 90M (256) + SFT 60k (512) 1024 512  79.69 81.15
Scale-RAE* 2.4B 64M -+ SFT 60k 1152 224 7743 78.47

Scaling to a Larger Dataset. We further train a diffusion model with
xo-prediction using the finetuned DINOv2 tokenizer on a larger internal 90M
dataset, while keeping the remaining hyperparameters unchanged. Following
Scale-RAE , we then finetune the pretrained model on BLIP30-60k IEII at
256 resolution, and additionally finetune a high-resolution variant at 512 reso-
lution. We include Scale-RAE as a reference. Results are shown in Tab. El
These results suggest that our method has potential scalability and could achieve
competitive performance for text-to-image generation.



On the Diffusibility of High-Dimensional Latents 15

"a photo of a “a photo of a "a photo of a “a photo of a "a photo of a
purple cup” bicycle” chair” purple backpack” broccoli”

N

>

o

<

@)

N

>

©]

<

Q

m

Fig. 7: Qualitative comparison of DINOv2-L and finetuned DINOv2-L. We
present text-to-image generation examples comparing the tokenizers of the original
DINOv2-L and our finetuned DINOv2-L variant. The results indicate that the
fine-tuned encoder leads to better structural integrity and color alignment.

5 Conclusion

In this paper, we investigate text-to-image generation in strong-reconstruction,
high-dimensional representation spaces. We show that after tuning the encoder
by reconstruction objective, the standard velocity prediction becomes difficult
to optimize in the resulting high-dimensional representation space. Empirically,
reconstruction-tuned representation autoencoders exhibit effective-dimensionality
collapse. We provide an analysis explaining this failure mode and propose a sim-
ple remedy: training the diffusion model to predict the clean representation xq
directly. Across two strong-reconstruction tokenizers, xg-prediction consistently
improves text-to-image generation quality.
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A.1 Implementation Detalils

Tokenizer training. Following [7], we use three stages to finetune DINOv2-
L [42] and train the decoder by the reconstruction objective. Specifically, we
use four losses: 1) semantic preservation; 2) L1 loss; 3) perceptual loss; and 4)
adversarial loss |151/17}/18}[201|21}/26}[301/47}/5357.66,71}/74L[82]. For each image I,
feature h; is extracted by original encoder g for semantic preservation h; = g(I;).
The final loss for the finetuned encoder g/ and decoder D is defined as follows:

EFT = wsp||h2 — hl||2 + ‘CLl(Iz{’ Iz) +wp»cpcrccptual(ll{, I’L) +wg£GAN(Ii/a Iz)7 (11)

where h; = g/(I;) and I/ = D(h}). We set ws, = l,w, = l,and wy, = 0.5
following [7].

Table 5: Optimization hyperparameters for the 1B Diffusion Transformer.

Hyperparameter Value
Optimizer AdamW
Max learning rate 1x107*
Min learning rate 1x107°
Learning rate schedule Cosine
Warmup ratio 0.003
B, Bz 0.9, 0.999
Global batch size 1024
Gradient norm clip 1.0

DiT Architecture. The DiT backbone consists of 24 layers with 24 attention
heads each, and a hidden dimension of 1536. We utilize the SwiGLU [51] acti-
vation function. The Classifier-Free Guidance (CFG) dropout probability is set
to 0.1. The input latent shapes for the DiT are 1024 x 16 x 16 when using the
finetuned DINOv2 encoder and 768 x 16 x 16 for the MAE encoder [22].

Optimization. Detailed optimization hyperparameters are provided in Tab.
A.2 Analysis of Effective Dimensionality on More
Datasets

Effective dimensionality for tokenizers/encoders is evaluated on three additional
larger datasets (ImageNet-21k [46], BLIP3o [9], and CC12M [5]) shown in Tab.[6]
and the phenomenon is consistent with Tab.

A.3 Visual Understanding of Frozen VLM Backbone

To verify that the frozen VLM backbone (Qwen3-VL-2B-Instruct |1]) provides a
sufficiently strong foundation for text-conditioned generation, we evaluate its vi-
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Table 6: Effective dimensionality analysis on ImageNet-21k [46]|, BLIP3o0 |9],
and CC12M |5].

Tokenizer /Encoder Full dim ImageNet-21k BLIP3o cci2M
Rgo Rgs Rgo9 Rgo Rgs Rg9 Rgo Ros Rog
DINOv1-B [4] 768 499 594 701 483 582 697 481 581 696
DINOv2-B-RAE [42[85| 768 505 610 726 491 601 723 494 602 724
SigLIP2-B-RAE [65/85] 768 466 583 716 470 585 717 488 598 721
MAE-B-RAE |22(185| 768 92 228 562 77 200 536 74 196 533
MAE-B-1G-3B* [56] 768 185 335 588 204 356 600 201 355 600
DINOv2-L [42] 1024 671 811 966 659 804 964 660 804 963
Finetuned DINOv2-L 1024 124 293 720 114 276 707 121 287 716

sual reasoning and understanding capabilities for reference. We assess its perfor-
mance on seven representative multimodal benchmarks, including MMMU |7§],
MMMU-Pro [79], MathVista |38], MathVerse [81], MathVision [68], MMStar [10],
and Charxiv-RQ [70]. The results are shown in Tab.

Table 7: Performance of frozen VLM backbone across seven visual reasoning and
understanding benchmarks.

MMMU MMMU-Pro MathVista MathVerse MathVision MMStar Charxiv-RQ
Frozen VLM Backbone 52.9 37.2 61.9 53.2 30.9 58.5 25.8

A.4 Extended Derivations for High-Dimensional Flow
Matching

Notation. In Sec. 3.2 of the main paper, the learned predictors vy and xy
are trained to approximate the corresponding Bayes-optimal predictors under
squared loss. More precisely, we define these optimal high-dimensional predictors
as

vh’*(zf,t) = Elen, — o | Zf]a wh’*(z,’?,t) = Elxo | zm, (12)

and similarly in the low-dimensional space,

v (2L t) = Ele — co | 21, xb* (2L t) == Eleo | 21]. (13)
Accordingly, the notation z!(z,¢) and v} (2,¢) introduced in the main pa-
per (e.g., Eq. 7) are formulated such that their dependence on the observed
state 27 occurs entirely through its projected manifold component 2z} = QT 2.
We formalize this below.
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Setup. Let the observed high-dimensional feature be xy € R" and the true
latent variable be ¢y € R!. For simplicity, we assume the relationship is linear:
xo = Qcp, where the columns of @ € R"*! form an orthonormal basis for the
subspace (i.e., QT Q = I;). We denote the orthogonal projectors Pg = QQT and
P =1,-QQ".

Orthogonal decomposition of the forward process. In standard flow
matching, the forward process constructs the noisy state z!' = (1 — t)zq + tep,
where €, ~ N(0,1;) and t € [0,1] (=0 corresponds to clean data, t=1 to pure
Gaussian noise).

Because x( is assumed to lie in the column space of (), we can decompose
the isotropic Gaussian noise €, into two orthogonal components: a component
parallel to the data subspace, ¢ = Q"€ ~ N(0,1;), and a component normal
to it, €, = P) €;. These two components are independent, since Cov(e;, €,) =
Q'TPL=Q" —Q"QQT =0 and both are Gaussian. Moreover, ¢ (drawn from
the data distribution) is independent of €, and hence independent of both ¢
and €] .

Substituting into the forward process:

2 =Q((1—t)co +tey) + tey, (14)
| —
=z}

where z! € R! is the manifold component. Crucially, 2} is a function of (co, €)
only, and is therefore independent of €, . Applying P, to both sides isolates the
normal component deterministically for ¢t > 0:

Pz} =te;, ie, € =1P 2z} (15)
This means €, is fully determined by 2 no statistical estimation is required
to recover it. We also note that QT2 = 2! (since QTe;, = QTP e, = 0), so

the model can recover the manifold state from 2z} via projection.

The inefficiency of high-dimensional velocity (v) prediction. The ve-
locity target is v = €, — xg. Using the decomposition €, = Qe€; + €, and
o= QCOI

v (2], t) =Ev | 2] = E[Q(€; — co) | 2] + Eley | 21 (16)

By Eq. , the second term equals %PJ_Z?. For the first term, since €, — cg
depends only on (cg, €;), which are jointly independent of €, conditioning on
2" = (Qzl,te ) reduces to conditioning on 2! alone. Therefore:

1
o (b t) = Qut(QTeh ) + 1Pl (")

where vh*(2L,t) = E[e; — co | 2l] is the optimal velocity predictor in the I-
dimensional latent space.

This reveals a critical inefficiency: the second term is a deterministic, (b —1)-
dimensional linear function of the input that lies orthogonal to the data subspace
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v-prediction: capacity on v

v =€ — X (full velocity)

v (manifold component)
v, (orthogonal component)

dim 3

0.0

dimol‘s

V=V +V, 25 -10

When h>1/, v, dominates

Fig. 8: Decomposition of the velocity target under the subspace model. The
tull velocity v = € — xo (purple) decomposes into a manifold-aligned component v
(green) and an orthogonal component v, (orange). When h > [, v, dominates the
target norm, forcing the model to spend capacity on an uninformative direction. In
contrast, the xo-prediction target xo = Qco lies entirely on the signal manifold, by-
passing v altogether.

and carries no additional information about the clean latent ¢y beyond what is
already contained in 2!, yet the model must still allocate capacity to represent
it. In terms of target norm, E[||€, ||?] = tr(P.) = h—I, while the low-dimensional
velocity target has expected squared norm [+E[||¢o||?]. Using Rgo as an empirical
proxy for the intrinsic dimension, the finetuned DINOv2-L features (h = 1024,
Rgo = 129) suggest that a large fraction of the ambient space lies outside the
effective signal subspace (see Fig. [§).

The efficiency of xy-prediction. To bypass modeling the orthogonal noise,
we consider direct xg-prediction, which is also inspired by [33]:

:Bh’*(zf,t) = E[zy | zf] =E[Qcy | in,teﬂ. (18)

Since (cg, €) are jointly independent of € , and 2! is a function of (¢, €;) alone,
conditioning on zé cannot introduce dependence on €, ie., ¢g 1 € | zi.
Therefore, te, provides zero additional information about ¢y beyond what 2}
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already contains, and the conditional expectation simplifies to:
a"* (2, 1) = E[Qeo | Q=] = QEleo | 2] = Q" (2}, 1). (19)

Eq. shows that the optimal @x¢-predictor always outputs vectors in col(Q)—
the orthogonal component €, never appears in the target. By stripping €, from
the optimization objective, the network focuses its entire capacity on resolving
¢y within the informative [-dimensional subspace, making training considerably
more efficient when A > [.
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