PVMamba: Parallelizing Vision Mamba via Dynamic State Aggregation
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1. Overview of Appendix

In the appendix, we first provide additional architecture de-
tails in Sec. 2. Then, we present more theoretical analysis
and details about the DSA scheme in Sec. 3. We provide the
detailed experimental settings in Sec. 4. We also conduct
more experiments in downstream tasks, including genera-
tive tasks in Sec. 5. In the final section, we provide some
visualization results on generative tasks in Sec. 6.

2. Architecture Details

The detailed architecture specifications are presented in
Tab. 1, assuming an input image size of 224x224 for all
architecture variants. We also present a schematic view of
the proposed DSA layers with a detailed illustration of the
repeated pattern in Sa-DSA layers. “ConL (a, b, k3)” indi-
cates a convolutional layer with a kernel size of 3 x 3 fol-
lowed by the BN and ReLU layers. a and b indicate the in-
put and output channel dimensions, respectively. In Fig. 1,
we show the overall model structure of PYMamba with the
detailed stacked layers in each model stage. We also present
the layer pattern of the stacked Sa-DSA layers on the main
stage. The repeated pattern is two reusing layers and one re-
fining layer. The main model stage is repeated by stacking
the Sa-DSA using an interleaved design.

3. Detail of DSA Scheme
3.1. Theoretical Analysis of SSM

State Space Models (S4). State Space Models (SSMs) are
a general family of sequence models used in deep learn-
ing that are influenced by systems capable of mapping one-
dimensional sequences in a continuous manner. These mod-
els transform input D-dimensional sequence z(t) € RE*P
into output sequence y(t) € RE*P by utilizing a learnable
latent state h(t) € RYV*P that is not directly observable.
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The mapping process could be denoted as:

h'(t) = Ah(t) + Bx(t),

y(t) = Ch(t),
where A € RV*N B € RPXN and C € RP*V,
Discretization. Discretization aims to convert the contin-
uous differential equations into discrete functions, aligning
the model to the input signal’s sampling frequency for more
efficient computation [8]. Following the work [9], the con-

tinuous parameters (A, B) can be discretized by zero-order
hold rule with a given sample timescale A € R”:
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B~ (AA)(AA)'AB = AB,

h(t) = Ah(t — 1) + Bux(t),

y(t) = Ch(t),
where A € RV*N B € RP*N and C € RP*N,
To simplify calculations, the repeated application of

Equation 2 can be efficiently performed simultaneously us-
ing a global convolution approach.

y=z® K

S S L1 3)
with K = (CB,CAB,..,.CA 'B),

where ® denotes convolution operation, and K € RL s the
SSM kernel.

Selective State Space Models (S6). Mamba [7] improves
the performance of SSM by introducing Selective State
Space Models (S6), allowing the continuous parameters to
vary with the input and enhancing selective information
processing across sequences, which extends the discretiza-
tion process by selection mechanism:

B = sp(x),
C = sc(x), @)
A = 74 (Parameter 4+ sa(x)),



downsp. Fate PVMamba-v1 (for ablation) PVMamba-Tiny PVMamba-Small PVMamba-Base
(output size)
Ax ConvL(3,48,k3) X3, ConvL(3, 64,k3) ConvL(3, 64,k3) ConvL(3,96,k3)
stage 1 (56%56) Local DSA % 2 Local DSA %2 Local DSA %3 Local DSA %3
sz.3 x 3,dim 48 sz.3 x 3,dim 64 sz.3 x 3,dim 64 sz.3 x 3,dim 96
8x ConvL(48,96,k3) x3, ConvL(64, 128,k3) ConvL(64, 128,k3) ConvL (96,192, k3)
stage 2 (28x28) Local DSA %2 Local DSA 4 Local DSA « 4 Local DSA « 4
sz.3 x 3,dim 96 sz.3 X 3,dim 192 sz.3 x 3,dim 192 sz.3 X 3,dim 384
16 ConvL(96,192,k3) x3, ConvL(128, 256, k3) ConvL (128,256, k3) ConvL (192, 384, k3)
stage 3 (14% 14) Sa-DSA %8 Sa-DSA % 8 Sa-DSA % 21 Sa-DSA % 21
| Points.5, dim 96 | | Points.5, dim 192 | | Points.5, dim 192 | | Points.5, dim 384 |
o ConvL (192, 384,k3) x3, ConvL(256, 512, k3) ConvL(256, 512, k3) ConvL(384, 768, k3)
stage 4 x7) Vanilla attention 4 Vanilla attention 4 Vanilla attention 5 Vanilla attention <5
dim 384, head 24 |dim 512, head 24 dim 512, head 24 dim 768, head 24
Table 1. Detailed architecture specifications.
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Figure 1. Detailed architecture of PVMamba and the layer multiplexing pattern.

where sg(x) and s () are linear functions that project in-
put z into an N-dimensional space, while s 4 (z) broadens
a D-dimensional linear projection to the necessary dimen-
sions.

3.2. Motivation to develop DSA scheme.

We present the pseudo-code of Mamba [7] scheme in Alg. 1.
The for-loop procedure of solving SSM heavily relies on
hardware optimization tricks to speed up and address the in-
herent sequential constraints when handling 2D visual data.
Vision Mamba needs to convert 2D visual data into 1D se-
quential formats, limiting its spatial modeling capabilities.
A sequential computing pipeline introduces latency, which
is unfriendly to the current parallel deep learning paradigm.

To break the sequential constraint, we parallelize the se-
quential for-loop solving procedure using reasonable as-
sumptions. We reformulate the original sequential comput-
ing in the Mamba scheme by matrix multiplication and a dy-
namic operator. The DSA scheme overcomes the sequential
constraints that can directly process 2D visual data. The dy-
namic operator can maintain the linear computational com-
plexity of the original Mamba. Our DSA scheme can dy-
namically select sparse points to model the spatial contexts
using the SSM scheme. We assume that the hidden state can
be parallelly aggregated by a selection of input pixel embed-
ding x. Thus, we do not need to compute the hidden state
recursively from the previous hidden state. Our assumption
is based on the observation that the information density in



Algorithm 1 Pseudo code of Mamba scheme

#input: x; params: delta, A, B, C, D; output: out
def Mamba-SSM-Solver (x) :

# Generating Parameter Matrix for SSM

delta = SoftPlus (Linear (x))

B, C Split (Linear (x))

A, D self.embedding_A, self.embedding_D

deltaA = torch.exp(delta * A)

deltaB_x = delta * B * x

# For-loop solving procedure of SSM
x = torch.zeros_like (A)

ys = []
for i in range(len(x)):
x = deltaA[:, :, 1, :] » x + deltaB_x[:, :, 1
;0]
y =x % Cl[:, z, ¢, 1]

ys.append (y)
y = torch.stack(ys)
out =y + x « D
return out

visual signals is far more sparse than the language [11], so
the visual modeling is insensitive to the sequential order.

4. Detailed Experimental Settings

4.1. Image Classification

The training settings mostly follow [24] and [17]. For all
model variants, we use a default input image resolution of
224 x 224 pixels. For different resolutions, such as 384
x 384 pixels, we fine-tune the models that were initially
trained at the 224 x 224 resolution rather than training from
scratch. This approach is based on the work presented in
[17], and it helps to reduce GPU usage.

When training from scratch with a 224 input, we use the
AdamW optimizer [18] for 300 epochs, employing a cosine
decay learning rate scheduler with a linear warm-up over
the first 20 epochs. The training setup includes a batch size
of 1024, an initial learning rate of 0.001, a weight decay of
0.05, and gradient clipping with a maximum norm of 1. In
our training process, we incorporate most of the augmenta-
tion and regularization strategies outlined in [24]. These in-
clude RandAugment [6], Mixup [28], CutMix [27], random
erasing [29], and stochastic depth [15]. However, we do
not use repeated augmentation [ 3] or Exponential Moving
Average (EMA) [20], as these do not improve performance.
It is important to note that this approach contrasts with the
findings in [24].

4.2. Object Detection and Instance Segmentation

We consider a typical object detection framework: Cas-
cade Mask R-CNN [1, 10] in mmdetection [3]. For detec-
tion task setting, we utilize the same settings: multi-scale
training [2, 23] (resizing the input such that the shorter

Method

DiT-S/8 [19]
PVMamba-S/8

| Parameter | FID]

33.1M 151.2
32.0 M 136.4

Table 2. Benchmarking class-conditional image generation on Im-
ageNet 256x256. PVMamba-S/8 achieves state-of-the-art FID.

side is between 480 and 800 while the longer side is at
most 1333), AdamW [ 18] optimizer (initial learning rate of
0.0001, weight decay of 0.05, and batch size of 16), and 3x
schedule (36 epochs with the learning rate decayed by 10x
at epochs 27 and 33).

4.3. Semantic Segmentation

The ADE20K dataset [30] is a popular semantic segmen-
tation dataset that includes a diverse array of 150 semantic
categories. It contains a total of 25,000 images, with 20,000
designated for training, 2,000 for validation, and 3,000 for
testing. For our implementation, we utilize UperNet [25]
within the mmsegmentation framework [4], which was se-
lected for its high efficiency.

For a fair comparison, we adopt a similar training setting
following [16, 17]. During training, we utilize the AdamW
optimizer [18], starting with an initial learning rate of 6 x
10~° and a weight decay of 0.01. We implement a scheduler
that employs linear learning rate decay along with a linear
warmup for the first 1,500 iterations. The models are trained
on 8 GPUs, with two images processed per GPU over a total
of 160,000 iterations. For data augmentation, we follow the
default settings in mmsegmentation, which include random
horizontal flipping, random re-scaling within the range of
[0.5, 2.0], and random photometric distortion.

During inference, a multi-scale test is conducted using
resolutions that are 0.5, 0.75, 1.0, 1.25, 1.5, and 1.75 times
the resolution used during training. When reporting test
scores, both the training and validation images are included,
following common practice [26].

5. Additional Experiments
5.1. On Generative Tasks

In recent years, generative tasks have become increasingly
popular in the field of computer vision. These tasks involve
the creation of new content using algorithms that can gener-
ate images, videos, or other types of visual media based on
learned patterns from existing data. Generative tasks have
diverse applications in vision, ranging from enhancing im-
age resolution and style transfer to creating entirely new im-
ages that reflect different artistic styles or real-world scenes.
These techniques are also being used in areas such as vir-
tual reality, gaming, and even scientific fields like medicine,
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Figure 2. FID-50K results over training iterations. DVM refers to
the model in which PVMamba is adopted as the latent diffusion
transformer. The training curve of DiT [19] is also presented.
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Figure 3. Throughput comparisons with other state-of-the-art
methods.

where they can assist in synthesizing medical images for
training and research purposes.

The combination of diffusion models [5] and several
basic deep network architectures has proven successful in
high-fidelity image and video generation tasks. We apply
our DSA layer into the DiT-like [19] diffusion models to
test the performance of generative tasks. The training set-
tings mostly follow the DiT [19]. We show the qualitative
and quantitative results using ImageNet benchmark [22].
As shown in Tab. 2 and Fig. 2, we measure the perfor-
mance for the generative task by Frechet Inception Dis-
tance (FID) [12], the standard metric for evaluating gener-
ative models of images. Our PVMamba-S/8 model, which
uses fewer model parameters (32.0M vs.33.1M) and com-
putational requirements measured in FLOPs, outperforms
the strong method DiT-S/8 by 14.8 in FID in the class-
conditional image generation task. This success highlights
not only the effectiveness of the model in generating high-
quality images but also its potential for application in vari-

ous generative downstream tasks [14, 19, 21].

The competitive results achieved by PVMamba-S/8 sug-
gest that it possesses a robust generalization ability, allow-
ing it to adapt effectively to different scenarios and data
variations. This adaptability is essential for tasks that re-
quire generating images or other media types based on di-
verse input conditions. Overall, the PVMamba-S/8 model
represents a significant advancement in generative model-
ing, underscoring its promise for future applications in the
field.

6. Visualization Results

In Fig. 4 and Fig. 5, we showcase the Diffusion models
that utilize the proposed PVMamba backbones. These mod-
els exhibit a promising level of image quality, highlighting
their effectiveness in generating high-fidelity images. We
have included selected samples from our class-conditional
PVMamba-S/8 models, which were trained on the Ima-
geNet dataset [22]. The training focused on producing im-
ages at a resolution of 256x256 pixels. By presenting these
samples, we illustrate the capabilities of our models in ren-
dering detailed and coherent images, demonstrating the po-
tential of PVMamba backbones in the context of diffusion
processes.
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