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Abstract

This paper presents Bayesian-inspired Space-Time Super-
pixels (BIST): a fast, state-of-the-art method to compute
space-time superpixels. BIST is a novel extension of a
single-image Bayesian method named BASS, and it is in-
spired by hill-climbing to a local mode of a Dirichlet-
Process Gaussian Mixture Model (DP-GMM). The method
is only Bayesian-inspired, rather than actually Bayesian,
because it includes heuristic modifications to the theoret-
ically correct sampler. Similar to existing methods, BIST
can adapt the number of superpixels to an individual frame
using split-merge steps. A key novelty is a new temporal co-
herence term in the split step, which reduces the chance of
splitting propagated superpixels. This term enforces tempo-
ral coherence in propagated regions, but allows for uncon-
strained adaptation in disoccluded regions. A hyperparam-
eter determines the strength of this new term, which does not
require special tuning to return consistent results across a
dataset of videos. The wall-clock runtime of BIST is over
twice as fast as BASS and over 30 times faster than the
next fastest space-time superpixel method with open-source
code.

1. Introduction

Superpixel models [23] represent images as a collection
of contiguous, deformably-shaped clusters of perceptually
similar pixels. They are inspired by Gestalt principles,
which posit humans view images by subconsciously group-
ing parts into a whole. Recent works show superpix-
els can be used to improve the quality of deep neural
networks (DNNs) for computer vision tasks. [8, 10, 40].
Space-time superpixels extend the single-image concept
to video by propagating the same label across multiple
frames, with applications in tracking, image registration,
and 3D reconstruction. However, the wall-clock runtime
of existing space-time superpixel methods can be over
one second per frame, which is unacceptably slow. This
paper presents Bayesian-inspired Space-Time Superpixels
(BIST), a method that achieves state-of-the-art superpixel
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quality while dramatically reducing the wall-clock runtime.

BIST is a novel extension of the Bayesian Adaptive Su-
perpixel Segmentation (BASS) method and it is distinct
from previous space-time work.! Previous methods process
several frames together, and focus on designing heuristic
energy functions to be minimized [3, 12, 13, 25, 26, 38].
In contrast, BIST is designed using heuristic modifications
to a theoretically justified sampler of a DP-GMM. BIST
proposes no heuristic energy functions to be minimized,
which clearly separates this paper from previous work. Ul-
timately, BIST achieves state-of-the-art benchmark quality
and is the fastest available space-time superpixel method
with open-source code. BIST processes images of size
480 x 320 at over 60 frames-per-second (fps), while the
next fastest space-time superpixel method with publicly
available code runs at about 2 fps [3].

BIST consists of three main steps: a shift-and-fill step
to move superpixels according to video motion, bound-
ary updates to deform the segmentation boundaries, and
split/merge/relabeling steps to adjust the number of super-
pixels. These steps are common to existing space-time su-
perpixel methods [3, 13, 38]. The novelty of BIST is a new
temporal coherence term used within the split step, which
adaptively controls the number of split superpixels accord-
ing to the video dynamics. This term is a heuristic modifica-
tion to the theoretically correct Hastings ratio used for pos-
terior sampling of a DP-GMM [3, 32]. Hence, the method
is Bayesian-inspired rather than actually Bayesian.

The theoretically correct method leads to several hun-
dred split/merge steps when estimating superpixels, and this
rapidly replaces old labels with new ones which makes en-
forcing temporal consistency challenging. The new tempo-
ral coherence term works by simply reducing the chance of
splitting a propagated superpixel. The strength of this term
is controlled by a hyperparameter, and selecting this hyper-
parameter does not require special tuning to return consis-
tent results across the entire dataset. This term allows BIST
to maintain approximately the same number of superpixels
per frame as its single-image analogue (BASS) while pre-
serving temporal consistency.
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Table 1. Related Works Table. (a) BIST, (b) TSP [3], (¢)
Streaming-GBH [38], (d) BASS [32], (e) gSLIC [1]. Connectivity
means the superpixels are guaranteed to be contiguous. Spatial co-
herence means the method encourages more compact superpixel
shapes, instead of producing snake-like dendrils. Like BASS,
BIST adopts a spatial coherence term that encourages smoother
superpixel boundaries and explicitly models the spatial covariance.

2. Related Works

Superpixels form a deformable partition of the input im-
age [23] with a bountiful number of related works. Most
work early focused on single-image superpixel estima-
tion [5, 6, 14, 28]. SLIC [1] marks a major milestone for
efficient superpixel estimation and there are several closely
related methods [16, 24]. Basically, SLIC runs a k-means
algorithm over the image pixels in the LAB color space.
The main problem with SLIC-like methods is that the es-
timated superpixels are not contiguous. Later works have
been designed to address this problem [12, 17, 29, 33, 39],
and fastSCSP [7] presents a method that executes bound-
ary updates in parallel on a GPU to enable incredibly fast,
contiguous boundary estimation. BASS [32] builds on this
method, adding a Potts term to encourage spatial cohesion
and split/merge/relabel steps to adapt the number of super-
pixels to a particular frame. This method is the launching
point for our space-time method, selected for its conceptual
clarity, superior superpixel quality, and exceptionally small
wall-clock runtime.

Several single-image methods have been extended to
space-time, but usually report a lower quality than special-
ized space-time superpixel methods. GBH [9] is a hier-
archical method that can span longer videos, but operates
on the entire video sequence at once which leads to exces-
sive memory consumption and a slow runtime. Streaming-
GBH [38] presents a streaming alternative to GBH, operat-
ing on chunks of frames at a time, but still takes tens of sec-
onds to process each frame. TCS [25] proposed minimizing
a heuristic space-time energy function and is much faster
than the GBH methods. TSP [3] soon outperformed TCS,
and presented their method as an inference problem. How-
ever, the boundary updates and split/merge steps of TSP
are far less efficient than the single-image BASS method,
and, ultimately, this makes TSP more than 30 times slower
than BIST. Additionally TSP focuses on refining the optical

flow estimate using a forward-and-backward process, while
BIST only processes forward in time.

Some recent methods report outperforming TSP [12, 13,
26], but the authors do not provide publicly available code.
Even comparing to their closed-source results, BIST is still
the fastest space-time superpixel method. CCS [12] re-
ports being 28% faster than TSP, while our method is 15
times faster than CCS. PPM [13] reports an average run-
time of 0.20 seconds per frame on SegTrackv2 [15], while
BIST averages about 0.015 seconds per frame. Finally, OA-
TCS [26] does not report a runtime nor provides code.

2.1. Bayesian Adaptive Superpixel Segmentation
(BASS)

We present a detailed summary of Bayesian Adaptive Su-
perpixel Segmentation (BASS) [32] since BIST uses simi-
lar concepts and notation. A previous method designed a
MCMC algorithm to efficiently sample cluster assignments
and parameters from a DP-GMM [2], and BASS applied
the theoretical findings to estimating superpixels for a sin-
gle image. This paper continues in this line of work by ex-
tending the single-image superpixels to space-time. BIST
is a space-time extension of BASS, using modifications to
enforce space-time consistency.

Say an image has a height (%) and width V) with HW
total pixels. An image pixel is a vector ; = [a; l;] of
size F' + 2 where a; € RY are the appearance features and
l; € R? is the 2D spatial location. When working with
RGB images (F' = 3), the features are transformed to the
Lab color space before running the segmentation algorithm.

Superpixel methods often model image pixels as follow-
ing some variation of a Gaussian Mixture Model (GMM).
Loosely speaking, a DP-GMM is a GMM that entertains in-
finitely many cluster assignments. First for a fixed number
of superpixels (5), superpixel assignment at image index
i is denoted z; with z; € {0,...,S — 1} and each label
has prior probabilities {m,}>~}. Second, the pixel values
are sampled, @; ~ p(x|us’, o5, pihepe s3shape) which is
written as,
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The two Gaussian densities are centered at the mean ap-
pearance and shape terms, {p¥, p3*}S_ . The covari-
ance of the appearance term is fixed and isotropic. This
controls the balance between regularly shaped superpixels

(larger prp) versus deformably-shaped superpixels (smaller
Ufpp). The shape covariance matrix allows for ellipsoidal

regions. Later, we explore using the anisotropic covari-
ance term to enable better control over the superpixel shape
in our space-time method. We abbreviated the appear-
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Algorithm 1 Bayesian-Inspired Space-Time Superpixels

(BIST)

Require: Frame (x®), Flow (f(*~1), Superpixels
(z(*=1)), Hyperparameters ()

I: 2, % ¢ Shift-and-Fill(z(*~1), £(¢=1)) > Sec. 3.1
2: N < {4,8,12} based on 2 > Sec. 3.1
3: fori =1toNdo

4:  ifimod 4 =1 then

5 z <« Split(z®, z, 2, ) > Sec. 3.3
6: z < Boundary Updates(z'*), z, ¢) > Sec. 3.2
7. elseifimod 4 = 3 then

8 z + Relabel(z"), z, ¢) > Sec. 3.4
9 z < Merge(z®, z, ©) > Sec. 3.4
10: z < Boundary Updates(z'"), z, ¢)
11:  else
12: z < Boundary Updates(z("), z, ¢)
13:  end if
14: end for

15: return z, ¢

Algorithm 2 Applying BIST to a Video

Require: Video ({x®}7_), Flows ({f}L_,), Hyperpa-
rameters (¢)

21 < BASS(z(), ) > [32]
fort =2toT do
21 « BIST(z®), =1 2(=1) o) > Alg. 1

end for
return {z(M17_|

AN L

gshare (uihape, ¥iare) BASS also includes a Potts term

to encourage regularly shaped superpixels, which we use
and explain in Section 3.2.

BASS superpixel estimation consists of two main steps.
The first step is boundary updates, which iterates between
updating the boundary of the superpixel segmentation
and re-estimating superpixel parameters (9%, 93%P¢)S_ .
Boundary updates reclassify superpixels that are adjacent
to two or more distinct superpixel labels, assigning them to
match the class of one of their neighbors. The segmenta-
tion update can be done in parallel on a GPU [7, 24]. Su-
perpixel parameters are updated with their maximum like-
lihood estimates. The exception is the spatial covariance
term, which uses the posterior mode computed using a prior
shape, Al 2. The hyperparameter A controls the size of the
superpixels.

3. Bayesian-Inspired Space-Time Superpixels
(BIST)

BIST is a method to estimate space-time superpixels, and
it is theoretically inspired by hill-climbing to the posterior
mode of a DP-GMM. The BIST method is presented in Al-
gorithm 1, and consists of three major parts. First in the
Shift-and-Fill step, superpixels are propagated from frame ¢
to frame ¢ + 1 according to the input optical flow. Propagat-
ing superpixels from the previous frame acts as a good ini-
tialization to encourage temporally coherent labels. Second,
these superpixels are refined via boundary updates, simi-
lar to recent works [7, 32]. We explored using informative
priors in this step and found a consistent but marginal im-
provement in superpixel quality. Third, superpixels can be
split, merged, and/or relabeled to control the total number
of supeprixels used to explain the image. Splits principally
explain disocclusion, merging removes unnecessary super-
pixels, and relabeling allows for correcting erroneous track-
ing and enables tracking objects through occlusion. BIST
is designed to be the space-time extension of BASS [32],
as both the boundary updates and split-merge steps of BIST
are based on BASS.

Inputs to BIST include a video {x("}7_, and a dense
flow field { f}7_, where each frame has sizes HWW x F
and HW x 2, respectively. The last input is the BIST
hyperparameters (¢ = {, 0oy, B, @, Y, Erc-id> €new }) Which
include the initial superpixel size (\), appearance vari-
ance (o, the strength of the Potts term (), the merge
Hastings hyperparameter (), the strength of the split-step
temporal coherence term (v), and the parameters for re-
identification and new label creation (€ id, Enew). Algo-
rithm 2 demonstrates how BIST is applied to a video; BASS
is used to estimate superpixels for frame 1, and subsequent
frames apply BIST.

3.1. Shift-and-Fill

The first step of the space-time superpixel method is propa-
gating the superpixels from frame ¢ to frame ¢ + 1. Motion
between two frames of a video is commonly modeled as the
shifting of pixel values to new image coordinates [19]. Sim-
ilar to other space-time superpixel methods [3, 13], this pa-
per models motion as shifting superpixels rather than pixels.
Shifting creates regions without a superpixel label (holes),
which are iteratively filled with a watershed-like algorithm.
Shift Superpixels. Superpixels from one frame are prop-
agated to the next by shifting each superpixel as a single
unit according to an optimal flow estimate. Unlike the re-
lated works which estimate flow as part of their methods,
this paper uses a high-quality dense optical flow from a re-
cent deep neural network method [22, 31]. Finding a good
initial estimate is important since the subsequent steps will
make mostly local changes, but pixel-perfect refinement is



Figure 1. Shift and Fill. The initialization of the propagated su-
perpixels is important for temporal consistency since later steps
only refine this initial estimate. Superpixel labels from frame ¢
are shifted to frame ¢ 4 1 according to the average optical flow of
the superpixel. The result is depicted in the center image, which
shifts the segmentations across the image like puzzle pieces mov-
ing across a board. This leads to overlapping regions and holes.
For overlapping regions, the smallest superpixels are displayed on
top. The holes are iteratively filled to ensure the missing super-
pixel labels are initialized to contiguous regions.

not necessary since subsequent boundary updates will ad-
just the initial superpixel positions.

Figure | illustrates the shifting. First, a dense opti-

cal flow is estimated using any method, say RAFT or
SpyNet [22, 31]. These dense optical flows are then con-
verted into a single flow vector for each superpixel by aver-
aging the flow across all pixels within a superpixel. These
average flow fields shift the superpixel labels to the new lo-
cation.
Fill-ing in Missing Superpixels. Shifting superpixels can
yield overlapping superpixels and regions without a super-
pixel label, aka holes. Overlapping superpixels are han-
dled with a deterministic z-axis ordering. Similar to re-
cent work [4], the smallest superpixel is selected when
two or more superpixels overlap. Smaller superpixels are
more likely to be erroneously removed during the super-
pixel shift, so placing them in front gives smaller superpix-
els the chance to survive in the next frame. This can be done
efficiently using a customized atomic operator that records
the associated label while executing an atomic min.

Holes are imputed with a watershed-like algorithm [34]
that iteratively grows valid superpixel regions. Each miss-
ing point bordering at least one existing point is assigned to
the most similar superpixel label (using mean appearance).
In many cases, the proposed watershed algorithm produces
contiguous superpixels. Still, disconnected superpixels can
be created if one superpixel intersects another after shifting.
In these few cases, we simply split the superpixel, assigning
the original label to the largest chunk and new labels to the
smaller chunks.

As presented in Algorithm 1, the number of iterations
actually adapts to the motion of the underlying scene. If
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Figure 2. Boundary Updates. Boundary updates reclassify super-
pixels that are adjacent to two or more distinct superpixel labels,
assigning them to match the class of one of their neighbors. This
is similar to running k-means clustering updates but restricted to
the subset of pixels that run along the edges of each superpixel.

more than 20% of the superpixels after the shift step are in-
valid, then BIST runs for 12 iterations. If less than 1% of
the superpixels are invalid, then BIST runs for 4 iterations.
Otherwise (the common case), BIST runs for 8 iterations.
On average, BIST runs for 8.113 iterations and we report
no sequence with an average of over 10 iterations. In com-
parison, the number of iterations BASS runs is equal to the
initial superpixels size, which we set to 20. In Section 4.2,
we show how this will decrease the wall-clock runtime of
BIST compared to BASS.

3.2. Boundary Updates

Boundary updates are what give superpixels their distinc-
tive deformable shapes, and this step can be updated in par-
allel on a GPU [32]. For each pixel at the border of two or
more superpixels (aka the boundary), the superpixel label
is re-classified to one of its neighbors. These updates are
similar to cluster assignments in k-means [18], following
an Expectation-Maximization (EM)-like algorithm where
parameters are estimated based on label assignments, fol-
lowed by reassigning labels using these updated parameters.

While the label re-classification and parameter estimates
are two distinct steps, this paper combines them for a suc-
cinct presentation. Specifically, we say the boundary up-
date step starts with updating the model parameters, which
is a straight-forward reduction operation on a GPU. The pa-
rameter update step is nothing special, so we regulate these
details to Supplemental Section 8.1.

Once the parameters are computed, the classification
step re-assigns each pixel on the boundary to their most
likely neighboring cluster. The conditional probability over
superpixel labels for a single point is given as,
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Figure 3. Split via Deferred Sampling. Split steps allow the num-
ber of superpixels to be adapted to the current image. The split step
in BASS uses a method called deferred sampling, which is moti-
vated by posterior sampling from a DP-GMM. First, superpixels
are split through their center (horizontally or vertically). Second,
the superpixel segmentation is updated via boundary updates. This
procedure yields theoretically correct samples.
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where Oapp, Oshape are parameters of the Gaussians de-
scribed in Section 2.1. The right-most density is the Potts
term, and acts like an indicator function to only permit con-
tiguous labeling and favoring cohesive shapes. The density
is written as,

P(2i|zy) = Lyaia(z) exp {—ﬁ Z 1.2, (z)} 3

i~g/

The likelihood of the pixel is computed for each neigh-
boring superpixel, and the label is updated to the most likely
class. While there are a few technical details associated with
the parallel updates, the result is a fast method to update su-
perpixel boundaries. By only updating a particular subset of
points (called simple points) in parallel, boundary updates
are guaranteed to form contiguous regions [7]. We choose
B = 10 since it produces visually appealing results.

3.3. A Temporally Coherent Split Step

Many superpixel methods adaptively control the number of
superpixels according to the image content [3, 9, 32]. In-
creasing the number of superpixels is done by splitting ex-
isting superpixels and decreasing the number of superpixels
is done by merging two neighboring superpixels together.
In the single-image case and/or when superpixels are new
to a frame, split-merge steps are used as compliments in
the optimization process, but in the space-time setting the
two steps are conceptually distinct. Split steps assign super-
pixels to explain disoccluded regions in an adjacent frame,
while merge steps merely reduce the total number of super-
pixels with no physical meaning. In other words, adapting
the number of superpixels to an individual frame must be

Initial State Five Split Choices

Figure 4. Classifying the Split. The split step requires classifying
each superpixel as not-split, split horizontally, or split vertically.
Determining which half of the split superpixel is propagated (pur-
ple) or new (green) yields five classes. BIST introduces a temporal
term to BASS’s classifier.

balanced with propagating superpixels across time. This
subsection presents details on the more complicated and
conceptually relevant split step.
Deferred Sampling. At a high-level, split steps are compli-
cated because identifying a likely split is identical to fixed-
K superpixel estimation, which gives a recursive flavor to
the problem. TSP [3]’s solution is to run k-means within
each superpixel, but this requires a significant computa-
tional overhead. BASS [32] uses a less expensive method
inspired by deferred sampling within the sampler of a DP-
GMM [2]. The idea is to vertically or horizontally split a
superpixel if a function of its parameters (the Hastings ratio)
exceeds some threshold. Once split, the entire segmentation
is updated for a few iterations without further splits/merges.
This procedure is theoretically justified to produce correct
samples [2]. Figure 3 illustrates three superpixels split ver-
tically and one superpixel split horizontally. Clearly, the
initial segmentation is qualitatively bad. However, via de-
ferred sampling, one can continue executing boundary up-
dates across the entire image to ensure the resulting seg-
mentation is a likely sample.
Rapid Cycling. Naively using the DP-GMM Hastings ra-
tio yields several hundred splits and merges (rapid cycling)
during superpixel estimation, which is problematic for tem-
poral coherence. Rapid cycling replaces superpixels of one
label with superpixels of a different label, yet both labels
cover an almost identical region. This rapid cycling can
be slow, and in the space-time case, it can be detrimental
to temporal coherence. Therefore, a new classification cri-
terion should be used to balance adaptation to the current
image and temporal coherence across the video.
The Split Step. To reduce the number of unnecessary splits
and encourage temporal coherence, BIST introduces a new
term in the Hastings ratio of the split step. The term consists
of a hyperparameter () to control its strength and the prop-
agated label density of each superpixel, {ps}_;. This den-
sity is the percent of valid labels within each superpixel af-
ter the Shift-and-Fill step. Essentially, the new term makes
splitting more difficult for propagated superpixels.

A split step starts by temporarily cutting each superpixel,
and the Hastings ratio determines if this cut is kept using a
ratio of marginal likelihood terms. For the sake of presen-



tation, lets assume a superpixel is cut into a left and right
half. Concretely, this means half of a superpixel’s labels are
temporarily assigned to a new value and summary statistics
are computed by simply executing a reduction on a GPU.
Let f(x®), f(x*®), and f(x*") denote the marginal likeli-
hoods associated with the whole superpixel s and each split
half. While the theoretically the marginal likelihood should
include both the appearance and shape terms, BASS found
using appearance parameters gave nice results and we report
a similar finding. Since the appearance parameters follow
a Normal-Inverse Gamma distribution, the marginal likeli-
hood is a simple function of the pixel values.

Let’s denote the prior as NIG (%, o2 s my, ks, as, bs)
where the parameters are fixed as follows: ms; = 0, ks = 0,
as = 10* and by, = o2 *PP(-10% — 1) = 2% . 10%. While
the first equality for by is theoretically correct, the heuristic
change improves results. And while k; = 0 is improper,
the corresponding terms in the marginal likelihood are sim-
ply dropped. Let (ng,vs,al,a,) = Die—s(LZi >
0,a;,a; ® a;) be summary statistics of superpixel s, where
© refers to element-wise multiplication and p; = = is the
density of valid superpixel labels after the shift stéfp. We
refer the reader a reference for a complete derivation of the
marginal likelihood (see Eq 55) [20], and write down the
solution below,

f(z*) = / [T  plaile)p(6r) do>
Qicljiz;=s}
TR ne|20°T(a + ng/2)
 I[Ebatne/ DT (a)r % 2

“4)

where b = b, + & (a;/ - (a;)2/ns). The red strike-
through indicated heuristically dropped terms. Notice that
although the appearance variance is a fixed hyperparame-
ter, it is treated as an unknown quantity when deriving the
marginal likelihood. The Hastings ratio is a ratio of these
marginal likelihoods as follows,

al(ng )T (ns,) f(z*) f(z*")
T(n,) —  f(z*)

where the red strike-through indicates heuristically re-
moved/included in BASS and the blue quantity is the novel
temporal coherence term in BIST. Since v > 0 is a hyper-
parameter, this new term makes splitting less likely if the
superpixel labels are propagated (ps ~ 1), since the thresh-
old to accept a split increases. This term “turns-off” if the
superpixel labels are missing after the shift step (ps ~ 0),
and resolves back to the criteria used in the single-image
case. Once a split is accepted, the half with fewer miss-
ing labels is given the propagated label. The strength () of

> e 2ePs 5)
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Figure 5. Qualitatively Comparing Space-time Superpixels.
Similar to BASS, BIST superpixels fit oddly shaped regions and
adaptively estimate the number of superpixels. On average, BIST
and TSP have similar temporal coherence.

the temporal coherence term can be modified to reduce the
number of new superpixels without significantly degrading
benchmark quality.

3.4. Merges and Relabeling

Merges. When merging, at most one superpixel can be
propagated from a previous frame. This is justified by our
model that superpixels shift to different pixel locations, so
merging two conditioned superpixels has no physical mean-
ing. Otherwise, this step exactly matches the BASS up-
date [32] and is detailed in Supplemental Section 8.3.
Relabeling. BIST uses a standard two-step relabeling ap-
proach similar to previous work [3, 13]: re-identification to
handle occlusions by connecting active superpixels to previ-
ously seen inactive ones, and new label creation to maintain
appearance consistency by creating new labels when sub-
stantial changes to the appearance and shape means occur.
This mechanism is particularly effective for handling opti-
cal flow inaccuracies, as improperly propagated superpixels
appropriately relabeled as new superpixels. The full details
of this step is provided in the Supplemental Section 8.4.

4. Experiments
4.1. Space-Time Superpixel Quality

Setup. To quantitatively evaluate the superpixels, this pa-
per uses LIBSVX [36, 37] and the Lib-Stutz [30]. The
single-image superpixel methods for comparison include
BASS [32], ERS [17], ETPS [39], SEEDS [33], and
SLIC [1]. The space-time superpixel methods for com-
parison include TSP [3] and Steaming-GBH [38]. One se-
lected dataset is the SegTrackv2 [15], which is a collection
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Figure 6. Quantitative Superpixel Comparison on SegTrackv2. This figure quantitatively compares BIST against existing superpixel
methods on standard benchmarks. BIST demonstrates exceptional results on the superpixel metrics but suffers from a shorter temporal
extend (TEX) than TSP, meaning the superpixels stay alive for fewer frames. This is partially due to the small lifespan of smaller superpixels
(see Section 7). As BIST and BASS adaptively estimate the number of superpixels to each scene, their default results are marked with a x.

of about 1000 frames from 14 sequence categories with res-
olution about 320 x 480. Another dataset is the DAVIS 2017
validation dataset [21], which consists of 30 sequences with
about 50 - 85 frames per sequence with resolution about
480 x 960.

Quantitative Benchmarks. Following related works, we
assess superpixel quality on standard superpixel bench-
marks: Segmentation Accuracy (SA2D/SA3D), Underseg-
mentation Error (UE2D/UE3D), and Expected Variance
(EV). The first two metrics assess the adherence of the su-
perpixels to a groundtruth segmentation label. SA (also
known as Achieve Segmentation Accuracy) reports the best
possible segmentation computed using the estimated super-
pixels. UE quantifies the leakage of superpixels across
ground-truth segmentation. EV reports the variation of
pixel values explained by superpixel assignments. This is
related to also the superpixel pooling quality, which com-
pares the superpixel means with the original image [8, 10].
Quantitative space-time benchmarks include temporal ex-
tent (TEX) and size variation (SZV). TEX reports the av-
erage lifetime of a superpixel and SZV reports the variance
of the superpixel’s size across time. We direct the reader
to the following references for a detailed catalog of these
metrics [30, 36].

Results. Figures 5 qualitatively compares BIST with
TSP [3]. The graphic illustrates that BIST superpixels are
qualitatively similar to BASS and can have a similar tempo-
ral extent to TSP when objects are moving. Figure 6 quanti-
tatively compares the superpixels on standard benchmarks.
BIST superpixels report excellent single-image and space-
time superpixel benchmarks. The tabular representation of
this information for BIST, BASS, and TSP is presented in
Table 5 (Sec 10). BIST exhibits a slightly shorter temporal
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Figure 7. Comparing Superpixel Runtimes. This graphic com-
pares the per-frame runtime of space and space-time superpix-
els on the SegTrackv2 [15] dataset with image resolution about
320 x 480 and DAVIS [21] dataset with image resolution about
480 x 960. The wall-clock runtime is reported in seconds.
Steaming-GBH [38] is not plotted because the method is too slow.
The numbers on top of the DAVIS bars is the median runtime.

extent than TSP, and this related to BIST’s irregular super-
pixel shapes. This limitation is further discussed in Supple-
mental Section 7.

Both BIST and BASS automatically determine the num-
ber of superpixels, so fixing a target number of superpixels
for each method presents a challenge. In this paper, we de-
signed a small subroutine to ensures that both methods are
within 5% of the indicated number of superpixels. See Sup-
plemental Section 8.5 for more details.

4.2. Computation

Figure 7 compares the wall-clock runtime of competing su-
perpixel methods. BIST can be more than 30 times faster



#Spix Type | TEX (%) SZV___ Pool (dB)T SA2DT SA-3DT UE-2DJ, UE-3DJ
1300 Ps | 306E30 111474 2791£038 0919L0017 08540021 475041 8.05=0.74
o | 288+28 1228480 27.99+038 091940017 0853 +0021 4.83+042 8.16+0.76

g0 Ps |307£30 124985 27.79£038 0917£0017 08510020 498+044 840+078
a | 292+28 1395+86 27.80+£038 091540018 0.848+£0.022 5134045 8.65+0.79

logs  Ps | 31932 136492 27.58£038 09120019 0843£0.021 518045 8.74=0.79
o | 289+28 161.4+9.1 2750+£038 0.909+0.018 0.842+0.021 551048 9.31+0.82

Table 2. Quantitative Impact of the Temporally Coherent Split Step. This table compares the benchmark results of BIST superpixel
where the number of superpixels was controlled using either the temporally coherent split step (yps) or adjusting the single-image Hastings
merge-step hyperparameter (c). The proposed split step term yields higher-quality results. The scale for UE-2D and UE-3D is 1075,

Results are reported with standard errors divided by v/30 videos.
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BASS Reference
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Figure 8. BIST Requires Fewer Iterations than BASS. This im-
age depicts the superpixel-pooled image when stopping BIST and
BASS at the indicated iteration. The visualization shows that BIST
requires fewer iterations than BASS. For BIST, the sunglasses ap-
pear at iteration 8, while they appear only at iteration 20 in BASS.

than the next fastest space-time superpixel method with
open-source code (TSP [3]) and it can be more than twice as
fast as BASS. In fact, BIST is the fastest superpixel method
we ran. However, we note that the single-image methods
were executed from within a docker which does introduce a
slight overhead. The improved runtime from TSP to BIST
is due to the efficient, novel split step in this paper and the
efficient boundary updates from related works [7]. The im-
proved runtime of BIST over BASS [32] is due to the fact
that fewer iterates are necessary in the space-time case. The
number of iterations BIST runs adapts changes depending
on the video motion, while the number of iterations BASS
runs is equal to the initial superpixels size, which we set to
20. To highlight the importance of running BASS for the
full 20 iterations, Figure 8 compares the superpixel-pooled
images from BASS and BIST when run for 4, 12, and 20 it-
erations. The sunglasses appear earlier for BIST compared
to BASS, indicating BIST requires fewer iterations.

4.3. Temporally Coherent Split Step

A major novelty of BIST is the temporally coherent split
step term. The term restricts the creation of new superpix-

els in regions that have been propagated from a previous
frame. Logically, this is appealing because the space-time
split step resolves back to the singe-image split step in re-
gions that are not propagated across frames. That is, the
new term “turns-off” in regions are do not requires space-
time consistency. However, the average number of super-
pixels per frame could conceivably be controlled using the
merge step o hyperparameter. Conceptually, this is unde-
sirable because the « term is given two simultaneous roles;
enforcing space-time consistency and single-image adapta-
tion. So as a practical matter, we investigate the experimen-
tal value of using the proposed yp, term versus using only
the single-image o term.

Table 2 compares the results of these two approaches
across three different average superpixel counts. Since
BIST automatically estimates the appropriate number of
superpixels, comparisons based solely on hyperparameter
choices would be misleading. Instead, we match results
based on the average number of superpixels to ensure a fair
comparison. This explains the atypical spacing between the
number of superpixels in Table 2. For this experiment, we
executed a grid of BIST methods with various hyperparam-
eters and matched comparable configurations. All matched
results are within 2% of the reported superpixel counts. Ta-
ble 6 in the Supplemental Section 10 reports the hyperpa-
rameters for each result. Our findings demonstrate that the
proposed temporally coherent split term yields significantly
higher-quality superpixels than using the space-only merge
hyperparameter.

5. Conclusion

BIST is a Bayesian-inspired space-time superpixel method
that is faster and higher-quality than previous methods.
BIST is designed by making heuristic modifications of a
DP-GMM sampler, rather than derived from energy func-
tions. The core novelty is a temporally coherent split step
term to encourage temporal coherence. The real-time wall-
clock runtime of BIST makes it feasible to use temporally
coherent superpixels within deep neural network pipelines.
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Frame 1 Bubbling

Frame 2

Recovery via Relabeling

Figure 9. Limitation #1: Bubbling. When more superpixels are
used than necessary to explain the underlying scene (as compared
with BASS [32]), we call the phenomena bubbling. This occurs in
BIST because propagated superpixels cannot be merged together
to ensure temporal consistency.

7. Limitations

Bubbling. One limitation of BIST we coin bubbling is de-
picted in Figure 9. Bubbling is when more superpixels are
used than necessary to explain the scene. This happens
because two propagated superpixels cannot be merged to-
gether, and it is often caused by improper optical flow esti-
mation. In the figure, the dark region of the foot in frames
1 and 3 were not correctly estimated. This was recovered
in the third frame by the relabeling step, since a foot re-
appears in the same area. This marks the region with new
superpixels that can be merged, so unnecessary superpix-
els are removed. However, in frame 4 the foot moves again
but is improperly tracked by optical flow. Unnecessary su-
perpixels are not removed before the processing frame 4 is
complete, so they propagate to frame 5. These extra super-
pixels will not be removed in the remaining frames of the
video, since two propagated superpixels cannot be merged
and it so happens that no moving object passes through the
region, which would allow for relabeling and then merging
of the unnecessary superpixels.

Temporal Fragmentation. Adapting the number of super-
pixels to each frame can needlessly lead to a failure in track-
ing comparable regions, and this is depicted in Figure 10.
Even though the split-merge steps create another almost
equally good superpixel segmentation, the teal-colored re-
gion no longer tracks the previous parts of the swan’s feath-
ers since it is assigned a new superpixel label. This limits
the temporal extent of BIST and could deteriorate its utility

Reference
Video i Frame 1

Frame 5

Split Parts ‘

‘Merged Together

Figure 10. Limitation #2: Temporal Fragmentation. BIST
adapts the number of superpixels to each image by splitting and
merging superpixels, but this can lead to the unnecessary relabel-
ing of a region which breaks methods that naively track a segmen-
tation through superpixel labels alone. In this figure, two super-
pixels were split, and their pieces were later merged. The new
segmentation is almost equally as good as the original, but now
uses a new superpixel that is not propagated through time.

for tracking-based applications. However, it seems likely
heuristic post-processing steps could mitigate this problem.
For example, one could record the lineage of each super-
pixel and optionally attach new superpixels to the propa-
gated segmentation mask via classification.

8. Additional Details about BIST

8.1. Parameter Updates

To compactly present BIST, the boundary update step
includes both computing the maximum likelihood esti-
mates and re-classifying superpixel labels. For comple-
tion, this subsection details how the maximum likelihood
estimates are computed using fixed superpixel labels z.
Lets write summary statistics of superpixel s as follows:

’ ’

(s, a1, 0,) = Y. _.(1,a;,1;, Lil]). Notice these
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quantities can be easily summed using within a single ker-
nel. Then we have,
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The variance of the appearance term is a fixed hyperpa-
rameter, rather than estimated from data. The update term
for the shape parameter is the posterior mean of an Inverse-
Wishart prior with parameter set to A;‘ngg with 50)@ de-
grees of freedom. These choices are a major contribution



from a related work [32]. The term A2 represents the prior
size of the superpixel and changes with each split/merge
step of the superpixel. Specifically, say a superpixel has not
undergone any splits/merges so the prior is the initial su-
perpixel size, A, = \. After a split, the prior is halved,
As < As/2. After a merge, the prior is the sum of the
two priors involved, As < As + Agy. This ensures that
superpixels which have experienced the same number of
splits/merges are approximately the same size.

8.2. Conditioned Parameter Updates

While the default operating regime of BIST uses the param-
eter updates detailed in the previous subsection, we also ex-
plored using parameter updates conditioned on the previous
frame’s summary statistics. The motivation is to encour-
age superpixels to remain the same shape across multiple
frames. Experimentally, (Sec 10) we found this yielded a
consistent improvement over standard parameter estimates,
but the improvement was too marginal to use in the default
case. This section presents the details about how the condi-
tioning is done.

Let (nuo o liy) = sy oL lii liil] ;) be the
summary statistics for the 2D Gaussian’s covariance term
at frame ¢. The posterior mode for the covariance term in
frame ¢ uses the summary statistics from frame ¢ — 1,

’ !
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This is simply a weighted average of the current
timestep’s sample covariance and the previous frame’s es-
timated covariance. In addition to the modified parameter
update, we explore setting the prior size to the size of the su-
perpixel after the shift step; Ay s < >, z,—s 1. Once again,
the motivation is to encourage superpixels to not change
across time.

8.3. Merging

To reduce the number of superpixels, merge steps combine
two superpixels into one [3, 13, 32]. BIST’s merge step
is identical to BASS, with the exception that two superpix-
els propagated from a previous frame cannot be merged to-
gether. This leaves only newly split or relabeled superpixels
available for merging.

Consider all superpixels eligible for merging that neigh-
bor superpixel s as A/(s). Then superpixel s is proposed to
be merged into the neighbor with the maximum superpixel
label, s’ = max A (s). A Hastings ratio determines if the
two superpixels should be merged. It uses a marginal like-
lihood term similar to Equation 4 for the split step. Denote
the marginal likelihood of the two un-merged superpixels
and the merged one as f(*), f(x*'), and f(xz**). Then
write the marginal likelihood term,

N
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where the red right-most term is a heuristic modification
fixed in previous work [32]. One way of understanding this
term by considering the marginal likelihood of the shape
parameters (See Eq 266 in [20]). The expression includes a

counting term, ‘ HL” ‘, which cancels out with the counting

term from the marginal likelihood of the appearance param-
K
K+ng
K term is heuristically ignored. Denoting s = 5 + n, the
Hastings ratio of the merge step is then written as,

1
2. The result is
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Notice how the merge step includes the Hastings param-
eter («), which is a hyperparameter to the BIST algorithm.
This allows for direct control over the number of superpix-
els for a particular image. However, as seen in the main
paper’s experiment 4.3, using this as a means of control for
space-time superpixels is less effective than our proposed
temporal consistency term presented in Section 3.3.

8.4. Relabeling

A relabeling step is common to existing space-time super-
pixel methods [3, 13], and generally BIST’s relabeling step
matches previous work. There are two types of relabeling:
re-identification and new label creation. Active superpixels
are superpixels with a non-zero count in the present frame,
while inactive superpixels have a non-zero superpixel count
for any previous frame but a zero count in the current frame.
Relabeling allows active superpixels to be re-assigned to an
inactive superpixel, with the goal of propagating superpixel
labels through frames of total occlusion. New label cre-
ation allows active superpixels that were propagated from a
previous frame to be re-assigned a new label, with the goal
of ensuring temporally coherent superpixels have consistent
appearance values. This allows for BIST to accommodate
inaccurate optical flow, since improperly propagated super-
pixels can be dropped.

Re-identification. For re-identification, the difference be-
tween the appearance and shape means of each active su-
perpixel is compared with all inactive superpixels. For ex-
ample, take s and s’ to be an active and inactive superpixel,
the difference is then

d(s, s') = |2 — P13 + 0.01]| e — 0|2 (1)

S



Let S = argming d(s,s’) be the inactive su-
perpixel with the minimum difference to s, and dpy, =
ming d(s, s’) be this minimum difference value. The rela-
beling update can then be expressed as:

. (12)
s otherwise

Sreiid  1f diin < Eres
5 { re-id 'min re-id
New Label Creation. For new label creation, each current
superpixel’s means are compared with its previously com-
puted means from the most recent previous frame:
: : 2 she shape (|2
d(s) = (|1 = pfrevllz + 0.0 ™ — ppiellz- (13)

If this difference exceeds some threshold (e,ew), then the
current superpixel is assigned a new unique label:

- {snew if d(s) ‘> Enew (14)
s otherwise
Here, spew = S represents a newly generated label,

where S was the total number of unique superpixel labels
used so far in the video. This ensures that each new label
is unique, since the superpixel labels take values in the set
{0,1, ..., S} after the addition of a new label.

8.5. Achieving a Target Number of Superpixels

Both BIST and BASS [32] adaptively estimate the number
of superpixels for a particular scene, and their estimates are
robust to hyperparameters like the initial superpixel size (\)
and the Hastings hyperparameter for the merge step ().
While this is a desirable feature for applications, it makes
standardized evaluation of their superpixel quality challeng-
ing since the number of superpixels significantly influences
the quantitative superpixel metrics. Therefore, we designed
a subroutine to ensure the number of superpixels of BIST
and BASS is within 5% of a desired number of superpixels.
This procedure is used to produce Figures 6 and 12. The
core of this procedure are new constant offset terms which
increase/decrease the chance of splitting/merging two su-
perpixels. In this subroutine, the chance of splitting and
merging varies depending on the current number of super-
pixels relative to the target. For example, if there are more
superpixels than desired, the changes of splitting decreases
and the chances of merging increase. In BIST, the chance
of relabeling a superpixel as new one also grows, but only
once every hundred iterations. The methods iterate until the
number of superpixels is within 5% of the target or until
5000 iterations have been completed. The average number
of superpixels across all videos for both datasets is within
the tolerance. More details for this subroutine can be found
in the open-source code.

Superpixel Convolution Filters

Zoom to Pixels

Zoom to Region Original Filter

Figure 11. Superpixel Convolution. This figure illustrates super-
pixel convolution. One filter is adapted to each pixel using super-
pixel information, which allows the module to ignore information
unrelated to the current pixel. Pictured are five re-weighted con-
volution filters associated with the five pixels within the center-
bottom box. The filters centered at gray pixels ignore red pix-
els (left), and the filters centered at red pixels ignore gray pixels
(right).

9. Superpixel Convolution

Today, few methods use superpixel-based modules within
their deep neural network architecture. We believe this
is due to a lack of easy-to-use code and few superpixel-
enabled modules. This paper’s superpixel method is
Pytorch-friendly, and, superpixel convolution provides sim-
ple superpixel-enabled modules. This paper presents super-
pixel convolution as an application of space-time superpix-
els to garner interest in using them within deep neural net-
works.

Superpixel Convolution. A recent paper demonstrates that
re-weighting an attention map with superpixel probabilities
yields the optimal denoiser [8]. This paper extends the idea
of re-weighting a kernel to convolution. In superpixel con-
volution, a convolution filter is re-weighted by superpixel
similarities as below,

fs(—f:)onv(w;ﬂ): Z Vi,jijj (15)
JEN (@)
s (i,2) o (4,2)
_4 T ™

Yij = 2ezm1 —— (16)
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where 7("#) is the similarity between pixel i and super-
pixel z computed as a softmax applied the z dimension. A
learnable kernel (k) is re-weighted by the superpixel simi-
larities. The advantage of such an operator is that the con-
volution kernel does not mix perceptually unrelated infor-
mation. Figure 11 illustrates this concept.
Experimental Setup. We demonstrate the value of super-
pixel convolution on the single-image denoising task within



a? Conv BASS+Conv  BIST+Conv
10 34.46/0.885  36.14/0.927  35.94/0.923
20 30.81/0.797  32.68/0.866  32.33/0.854
30 28.91/0.733  30.80/0.818  30.43/0.803
Deno Params 612 612 612
Aux Params 0 5.691k 5.691k
Fwd Time (ms) 29 440 281
Table 3. Denoising with Superpixel Convolution

[PSNR1/SSIM?T].  The superpixel convolution module im-
proves the denoising quality compared to standard convolution.
Streaming superpixel estimates are faster, and yield an approxi-
mately equally good superpixel estimate. Note that the auxiliary
network is only used for superpixel estimation, and is otherwise
disconnected from the denoised output image.

a small deep neural network. The network alternates be-
tween a standard convolution and an alternative convolu-
tion layer, ending with a convolution layer. The depth is
fixed to 7 total layers (4 conv + 3 alt-conv), and the num-
ber of features is 6. For superpixel-enhanced convolution
layers, the network uses a UNet-like model [27] to build
features for superpixel estimation. Notably, these features
are only connected to the denoiser through the superpixel-
based re-weighting term in the convolution layer. The net-
works are trained on the DAVIS training dataset [21] for
30k iterations using Adam [11] and a batch size of five.
We report the denoising quality on the DAVIS test set us-
ing PSNR/SSIM [35].

Results. Table 3 reports superpixel convolution yields sig-
nificantly better denoising results compared to standard
convolution. BASS superpixels yield a slightly superior
denoising quality to BIST, but both methods dramatically
outperform standard convolution. The improved denois-
ing quality of BASS over BIST may be because the DNN
module is a single-image method, and so it benefits from
BASS’s marginally better single-image superpixel quality.
The wall-clock runtime of both superpixel convolutions is
significantly larger than the wall-clock runtime of standard
convolution. However, BIST is 40% faster than BASS.

10. Additional Experiments for BIST

Benchmark Results on DAVIS. In Figure 12, we quantita-
tively compare BIST with several superpixel methods on the
DAVIS dataset. Similar to the SegTrackv2 results (Fig 0),
we find that BIST yields excellent superpixel benchmark re-
sults. Interestingly, the temporal extent of BIST is actually
larger than TSP. We suspect this is due to the more com-
plex dynamics in the DAVIS dataset over the SegTrackv2
dataset. The limitations of BIST that cause a shorter tem-
poral extent are more evident on the SegTrackv2 dataset.
However, on the more complex DAVIS dataset, the tem-
poral extent is limited by the motion within the video and

so there is not enough simple motion for the limitations
of BIST to have a quantitative effect. On this dataset, we
did not run StreamingGBH because of its slow wall-clock
runtime. The tabular representation of this information for
BIST, BASS, and TSP is presented in Table 4.

Conditioned Parameter Estimates. In Table 7, we demon-
strate the small but consistent effect of using conditioned
parameter estimates. The experiments show that the up-
dated covariance term and prior counts improve the qual-
ity of the superpixel metrics, particularly the SA-3D and
UE-3D terms. We believe the effect is small since the prop-
agated covariance term (X;_; ¢) is still dominated by the
circular prior with weight A2 from the initial estimate in
Equation 6. This step is included by default in BIST, but
could be conceivably removed to further reduce the wall-
clock runtime.

Relabeling Hyperparameters. Table 10 shows the dra-
matic effect of new superpixel creation by varying the
threshold (eyy) on both the number of superpixels and the
temporal extent. A smaller value more readily re-classifies
superpixels as new, which effectively creates a new set of
superpixels for each frame. This keeps the number of ac-
tive superpixels in each frame small, since there is no tem-
poral consistency enforced. In contrast, a larger threshold
makes correcting for errors challenging. This leads to im-
properly propagated superpixels which restricts the ability
for BIST to split/merge superpixels as it erroneously en-
forces temporal consistency. Overall, this leads to lower-
quality superpixels. The highest-quality space-time super-
pixels are when e,y ~ 0.01, but we report results using
€new = 0.05 on the DAVIS dataset for the improved tempo-
ral extent so our results are more comparable to TSP. No-
tably, the re-identification threshold (e.jq) has an inconsis-
tent and marginal effect on the result. While conceptually
the goal is to re-identify superpixels through occlusion, we
suspect more work would be necessary for this step to be
meaningful. For example, a proper method should account
for the changes in appearance values due to changed view-
point and object motion, and the predicted new location of
the superpixel rather than using the previously identified lo-
cation.

Boundary Shape Parameters. For completeness, in Ta-
ble 9 we include results of BIST using a variety of terms
which control the shape of the superpixels. A larger ap-
pearance variance (afpp) and smaller Potts term encourages
thin, snake-like superpixels, while the converse encourages
rounder, more symmetric superpixels. The flow of thinner
superpixels is more difficult to estimate, and this is reflected
in the smaller temporal extent. So if superpixels are to be
used for tracking, using a larger appearnace variance and
Potts term would be beneficial.

The Impact of the Optical Flow Method. Table 8 reports
the ablation experiments for different optical flow meth-



Method #Spix  TEX (%) SZV Pool (dB)t SA-2DT SA-3DT UE-2D] UE-3DJ}
BIST 1223 £77 302+3.0 120£8 27.84+038 0918=£0.017 0.853£0.020 490+043 824 +£0.75
TSP [3] 1109 £ 16 28.6 £3.1 663 24.01+0.38 0.873+£0.024 0.849 £0.023 796 +£0.68 10.14 +0.91
BASS [32] | 1104 + 63 - - 2759+041 0.905+0.018 - 588=£053 -

Table 4. Benchmark metrics on the DAVIS dataset for BIST, BASS, and TSP with standard error (SE = SD/4/30). UE-2D and UE-3D
values are scaled by 102 for clarity. While the defaults BIST parameters yields about 120 more superpixels than the alternative methods,
the benchmark metrics are significantly better as well. In particular, the SA-2D and UE-2D scores of BIST is significantly better than TSP.

Method #Spix TEX (%)  SZV _ Pool (dB)T SA2DT SA-3DT UE-2DJ UE-3DJ
BIST | 44652 498+48 96+9 3001 +067 0920+0014 0827 £0.028 477 +047 8.00=+0.73
TSP[3] | 389+£12 538+60 50+6 27434060 0.888+0012 0.819+0.024 7.89+1.00 1047+ 1.52
BASS [32] | 342 +38 - - 29.634+0.67 0.899 +0.018 - 6.00+0.65 -

Table 5. Benchmark metrics on the SegTrackv2 dataset with standard error (SE = SD/y/18). UE-2D and UE-3D values are scaled by 103

for clarity.

ods used during the Shift-and-Fill step (Sec 3.1). The best
optical flow method is actually the classical optical flow
method, instead of the more recent deep learning alterna-
tives. We suspect this is because a space-time superpixel
method benefits from tracking appearance values, rather
than estimated motion.

Temporally Coherent Split Step. In the main paper, Ta-
ble 2 shows the value of the proposed temporally coherent
split step compared to the naive alternative. Here, Table 6
reports the hyperparameters for each result.

Qualitative Results. Finally, we include several super-
pixel results for qualitative comparison. Please visit the
project page for more examples’. In the first set of Figures
(13,14,15,16), a reference image is compared with BIST,
TSP [3], and BASS [32]. The groundtruth segmentation
from the DAVIS dataset is included in the reference image.
For each method’s image, the superpixels overlapping the
grountruth segmentation are colored. For the video meth-
ods (BIST and TSP), the overlap is computed only for the
first frame, and then tracked over time. For the single-image
method (BASS), the overlap is computed at every frame.
There are two takeaways. First, BIST and TSP have com-
parable temporal coherence quality across these sequences.
Second, BIST’s superpixels adapt to the image content sim-
ilarly to BASS.

Q) nttps://gauenk.github.io/bist_website/

# Spix
1300 1180 1065
VPs a Vps a Vs a
(4.0,10) (0,—5) | (4.0,0.1) (0,—20) | (8.0,1/2) (0, —50)

Table 6. Hyperparameters Selection. This table shows the hy-
perparameters used to create the results in Table 2. To find these
values, we ran a larger grid of negative o values when v = 0 and
a grid over less extreme o values for v € {4, 8}. Once the exper-
iments were executed, we matched experiments with zero gamma
values to those with non-zero gamma values based on the average
number of superpixels.
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Figure 12. Quantitative Superpixel Comparison on DAVIS. This figure quantitatively compares BIST against existing superpixel meth-
ods on standard benchmarks. BIST shows exceptional results on the superpixel metrics but suffers from a shorter temporal extend (TEX)
than TSP, meaning the superpixels stay alive for fewer frames. As BIST and BASS adaptively estimate the number of superpixels to each
scene, their default results are marked as x.

Qre e Mi15 (S1) #Spix  TEX (%) SZV___ Pool (dB)T SA-2DT SA-3DT UE-2DJ UE-3DJ
X X 1232 £24 304+£09 127+3 27.83+0.12 0017 £0.005 0.848£0.007 497 £0.14 847 025
X V| 1236+£24 298409 121+2 2781+£0.12 0918+0.005 0.853+0.006 4.92+0.14 8.33+023
v X 1226 +£24 3044+09 127+3 2785+0.12 091840005 0.848+£0.007 4.95+0.13 8.52+025
v V| 1224424 304+£09 1214£3 27854012 0.918+£0.005 085440007 487+0.13 8.20+0.23

Table 7. Conditional Parameter Updates. This table reports the effect of using conditioned parameter estimates in the boundary update
step (Sec 8.2). The left column indicates if the prior superpixel sizes were updated to the count from the previous timestep, and the
next column indicates if the prior spatial covariance term was used. Both the SA-3D and UE-3D metrics are improved when using both
modifications together, while the 2D metrics remain consistent across configurations. The scale for UE-2D and UE-3D is 102, The results
are reported on the DAVIS dataset with standard errors computed from over 10 runs; (SE = SD/v/30 - 10).

Flow #Spix  TEX (%) SZV Pool (dB)? SA-2DT SA-3D?T UE-2D] UE-3DJ)
C.Liu[3] |393+47 499+49 104+11 2989+0.66 0917+0.015 0.827+0.028 5.01£0.53 8.15+0.83
SpyNet [22] | 377 +£42 430+6.1 10311 29.724+0.68 0911 £0.017 0.806£0.039 521+£055 851+0.77
RAFT [31] | 374 +£40 437+£62 104+11 29.63+0.69 0.909+0.017 0.790+0.042 533 £0.57 8.96+0.82

Table 8. Ablation of the Optical Flow Method. This table reports the effect of using different optical flow algorithms with BIST.
The Default flow represents our implementation, while SPyNet and RAFT are alternative methods. The SA-3D metric shows significant
differences between methods, with our default implementation achieving the best performance. The scale for UE-2D and UE-3D is 10~>.
The results are reported on the SegTrackv2 dataset with standard errors; (SE = SD/v/18).

oy B #Spix  TEX (%) SZV __ Pool (dB)T SA-2DT SA-3DT UE-2DJ UE-3DJ,
00045 1.0 | 1784 £ 118 282+27 103+7 2884+042 0926+0016 0.855+0.019 4.45+039 7.75=+0.71
0.0045 10.0 | 1802118 28.9+£28  94+6 28.83+£041 0926+0016 0.857+0.020 4.33+£039 7.52+0.69
0.0045 20.0 | 1820118 294429  90+6 28814041 092840016 0.860+0.019 4.30+0.38 7.38+0.68
0.0090 1.0 | 1197+77 288427 1314+9 2797+£039 091640017 08510020 501+044 8.57+0.79
0.0090 10.0 | 1224477 30.1+£3.0 119+8 27.84+038 091840017 0.855+0.019 4.91+043 8.31+0.76
0.0090 20.0 | 1249+£77 30.8+3.1 115+£8 27.69+£037 09180017 0.856+0.020 4.86+042 8.07+0.72
0.0180 1.0 86745 314+28 154+9 2683+037 0.905+0019 0.839+0021 5704050 9.57+0.88
00180 100 | 902450 33.6+32 151410 26474036 090940018 0.842+0.021 5554049 9.16 +0.87
00180 20.0 | 925453 336432 149410 26.17+035 090640019 0.844+0.021 5.56+0.50 9.14 + 0.87

Table 9. Ablation of BIST Boundary Shape Parameters. This table reports the effect of varying the appearance variance parameter
Ufpp and the boundary smoothness term 3. Higher prp values lead to fewer but larger superpixels, while higher 3 values create smoother
boundaries and improve temporal consistency (SA-3D and UE-3D). The highest pooling score is achieved with low Ufpp and high 3. The
scale for UE-2D and UE-3D is 10~2. Results are reported on the DAVIS dataset with standard errors; (SE = SD/\/%).



Enew  Ere—id (107°) #Spix  TEX (%) SZV___ Pool (dB)T SA2DT SA3DT UE-2D] UE-3DJ
0.001 0.1 770 £51 48+1.1 86+£6 2671+042 0.895+0020 0911 L0018 638=+054 647 +055
0.001 1.0 762+£50 48+1.1 8747 2663+£042 0.895+0.020 0911+0.017 641+053 6.50+0.54
0.001 10.0 769451 48+1.0 9247 2668+£042 0.896+0020 09100018 637053 646+ 0.53
0.01 0.1 1059+ 68 16.1+£24 102+7 27584037 0911 +0.018 0912+0.016 528+045 621 +0.54
0.01 1.0 1058 £68 16.1+£24 103+7 2758038 0912+0.018 0912+0.016 527+045 6.17+0.53
0.01 10.0 1055+ 68 1624224 102+7 27.56+038 0913+0.018 0913+0.015 529+046 6254056
0.05 0.1 1223+£78 303+£3.0 121+£8 27.84+038 0918+0018 0854+ 0021 4884042 8.29+0.77
0.05 1.0 1223+£78 303+30 12048 2784038 09170018 085240021 4.90+042 8.28=+0.73
0.05 10.0 1225476 30.1+£29 12048 27.85+038 091740017 0.85640.020 4904042 8.23+0.75

0.1 0.1 1277+81 352+£30 126+£8 27.90+038 0920+0017 0807 £0.026 478+ 041 937 +0.83

0.1 1.0 1276 £82 354+30 126+8 2790038 09180017 0.808+0.025 4.81+043 9.34+0.84

0.1 10.0 1274 +£82 348+£29 126+8 27.89+038 091840018 0.807+0.026 4.76+041 9.16+0.79

Table 10. Ablation of BIST Relabeling Parameters. This table reports the effect of varying the new superpixel threshold €pe., and
the re-identification threshold €,¢—iq. Higher €,¢., values increase the number of superpixels and improve most metrics. The relabeling
threshold has minimal impact on performance. The scale for UE-2D and UE-3D is 103, Results are reported on the DAVIS dataset with
standard errors; (SE = SD/\/%).
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Figure 13. Kite-Surf from DAVIS.
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Figure 14. Paragliding-Launch from DAVIS.
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Figure 17. Qualitatively Compare Superpixel Results on DAVIS. Visualized are the superpixels estimated for a frame in the middle of
five sequences from the DAVIS dataset. See the supplemental material for png files.
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Figure 18. Qualitatively Compare Superpixel Results on SegTrackv2. Visualized are the superpixels estimated for a frame in the middle
of five sequences from the SegTrackv2 dataset. See the supplemental material for png files.
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