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Abstract

With traffic surveillance increasingly used, thousands of cam-
eras on roads send video feeds to cloud servers to run com-
puter vision algorithms, requiring high bandwidth. State-of-
the-art techniques reduce the bandwidth requirement by either
sending a limited number of frames/pixels/regions or relying
on re-encoding the important parts of the video. This imposes
significant overhead on both the camera side and server side
compute as re-encoding is expensive. In this work, we propose
TILECLIPPER, a system that utilizes tile sampling, where a
limited number of rectangular areas within the frames, known
as tiles, are sent to the server. TILECLIPPER selects the tiles
adaptively by utilizing its correlation with the tile bitrates. We
evaluate TILECLIPPER on different datasets having 55 videos
in total to show that, on average, our technique reduces ~ 22%
of data sent to the cloud while providing a detection accuracy
of 92% with minimal calibration and compute compared to
prior works. We show real-time tile filtering of TILECLIP-
PER even on cheap edge devices like Raspberry Pi 4 and
nVidia Jetson Nano. We further create a live deployment of
TILECLIPPER to show that it provides over 87% detection
accuracy and over 55% bandwidth savings.

1 Introduction

In recent years, real-time traffic surveillance has become im-
portant for automatic enforcement of traffic rules [30], control
of traffic lights [14], and the detection of anomalous events
like accidents [49]. Cities like Shanghai, New Delhi, and New
York have installed hundreds of thousands of surveillance
cameras'.The video feeds generated from these cameras are
either processed locally or sent to the cloud/edge servers for
applying computer vision algorithms. These algorithms run
deep neural networks (DNNs), which are inherently compute-
intensive. Processing it locally requires expensive hardware
(like GPUs and NPUs), thus increasing the cost of traffic

Thttps://www.comparitech.com/vpn-privacy/the-worlds-most-
surveilled-cities/

surveillance and impacting the scalability. On the other hand,
a major challenge faced by techniques that send video feeds to
servers is that the amount of data generated is very high, going
up to 1Mbps per camera [17], leading to high network band-
width consumption. Thus, it is essential to find techniques to
reduce bandwidth consumption without sacrificing the quality
of traffic surveillance.

Current techniques of reducing bandwidth typically uti-
lize one or more of two strategies. The first technique is
intelligently selecting the objects or frames of interest that
should be sent to the cloud server [17, 38, 60]. However, video
is usually encoded such that pixels are defined as an offset
of their neighboring pixel values as a compression strategy,
where the neighbors could be either spatial or temporal. Thus,
only sending the objects or frames of interest would require
re-encoding, which mandates either the integration of the al-
gorithm in the camera’s firmware [42] or a re-encoding on
the device directly connected to the camera [38, 52]. Adding
such capability to the cameras or devices attached to it would
need a substantial amount of investment. Further, while this
technique can save a lot of bandwidth during off-peak hours,
it is difficult to save bandwidth when the traffic is congested.
The second technique is to perform additional computation
on the cloud server by either running more powerful mod-
els [54] or sending a signal to the camera to send additional
data only when needed [17]. This technique saves bandwidth
at the cost of additional GPU usage, which is also expen-
sive and energy-intensive. Thus, a solution that runs without
adding to the computation while also being simple to inte-
grate with existing systems is essential to reduce the cost of
traffic surveillance.

In this paper, we focus on traffic surveillance of moving
objects such as vehicles, pedestrians, and so on. For this, we
avoid the problem of re-encoding proposed in prior works as
follows. Recent video standards like HEVC (High-Efficiency
Video Codec) or H.265 [50] allow the videos to be split into
independently encoded spatial rectangular blocks called tiles
(Figure 1b). This allows us to send tiles containing only the
objects of interest (moving vehicles or pedestrians) while
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Figure 1: Illustration of TILECLIPPER. Steps: (a) encoding the video in the
form of tiles supported by the HEVC format, (b) selecting only the relevant
tiles by using the statistical pattern of bitrates, (c) clipping out the unnecessary
tiles, and (d) sending this filtered video to the server for surveillance.

omitting the other tiles without re-encoding. Figure | shows
the workflow of our system. The key advantage of removing
tiles is that it runs in real-time, even on embedded platforms
like Jetson Nano, unlike techniques that filter frames or ob-
jects of interest and re-encode videos. As surveillance cam-
eras with native HEVC support increasingly become available
[4], removing tiles is easy to integrate into actually deployed
surveillance systems.

However, identifying tiles with objects of interest gener-
ally requires running DNNs, which are themselves compute-
intensive in nature. The camera usually does not have suffi-
cient compute capability or even power to run any such algo-
rithm. Thus, the key challenge of selecting tiles with objects
of interest is to avoid any increase in the compute involved
either on the camera side or on the server side. We address
this challenge of identifying tiles via a statistical approach
that rests on a few observations. Our first observation is that
since our cameras are stationary, only the objects of interest,
such as vehicles and people, are in motion or can change. This
implies that identifying just objects in motion is sufficient to
identify objects of interest. Our second observation is that
tiles’ file sizes (or bitrates) increase significantly when there
is any kind of motion in them. These two observations enable
us to design a heuristic to identify tiles with objects of interest.
Note that the tile bitrates are also influenced by other factors,
such as weather conditions, the local conditions of the road,
the color of the objects, and the position of the camera. Finally,
we design a system TILECLIPPER that applies a threshold on
the bitrates of the tiles seen in the past to identify the ones
containing objects of interest. TILECLIPPER computes this
threshold by performing a grid search on the statistics of tile
bitrates during calibration. The grid search shows the right
percentile values of the tile bitrates separately for the tiles
with and without moving objects. It then uses the midpoint
between these identified percentile values as the threshold.
This threshold automatically adapts based on weather and
traffic conditions for each tile independently.

We evaluate TILECLIPPER on a variety of videos by run-
ning it on embedded platforms like Jetson Nano and Rasp-
berry Pi 4B (RPi). We show results of object detection as

our system is agnostic to applications such as identification
and tracking. Our dataset includes a total of 55 videos from
standard benchmarks in various weather, lighting, and traffic
density conditions and our own recorded videos. Our eval-
uation shows that TILECLIPPER achieves, on average, over
92% accuracy in identifying objects while running in real-
time, even on RPi and Nano. This accuracy is higher than
state-of-the-art frame filtering techniques like Reducto [38]
and comparable to techniques like DDS [17], and CloudSeg
[54] that use additional server computation. It also requires
lower compute for calibration than the baselines, as it requires
only one-time calibration instead of periodic re-calibrations.
We summarize our contributions as follows:

* We identify that tiles with moving objects have higher bi-
trates and envision using them for traffic surveillance. To
the best of our knowledge, this is the first work that uses
tile bitrate to identify mobile objects.

We utilize the correlation between tile bitrate and moving
objects to design a thresholding strategy that identifies the
tiles with moving/changing objects. This strategy is adap-
tive to different weather and traffic conditions.

* We evaluate TILECLIPPER on RPi and Jetson Nano and
obtain > 92% accuracy. It works in real-time and reduces
data sent by up to 40%. We compare it with DDS, Reducto,
and CloudSeg to show that it is less compute-intensive,
allowing scalable and cheaper deployment.

* We show a live deployment of TILECLIPPER near our uni-
versity campus with a camera attached to an embedded
board with a 4G connection. It saves over 55% bandwidth
while providing an accuracy of over 87%.

2 Background & Motivation

In this section, we provide the background needed for our
work and then present the motivation behind TILECLIPPER.

2.1 Working of Video Encoders

Videos are encoded typically in the form of a sequence of
frames. To reduce the video’s file size, it is generally not
stored or encoded as raw pixels. Instead, each pixel is encoded
by a reference to its neighboring pixels, where the neighbors
can be drawn from either the adjacent pixels of the same
frame (spatial dependence) or from adjacent frames (tem-
poral dependence). Typically, an independent frame called
an intra-frame is utilized after a fixed duration, followed by
a sequence of inter-frames with content dependent on their
previous frame. Such a sequence of intra followed by inter-
frames is called a segment. A software called video decoder
parses the dependencies within a segment to regenerate the
actual content of the frames. The exact encoding scheme is
specified by the video standard, also referred to as a codec.
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Figure 2: Video codecs use sub- Figure 3: Removing tiles reduces
blocks to encode complex scenes. the filesize of a video linearly.

We now discuss the strategy of video compression used by
video codecs. In general, the video codecs operate at a coarser
level than using pixel-level dependencies by partitioning the
frames into spatial blocks (macroblocks in H.264 and coding
tree units (CTUs) in H.265) [29]. Blocks with similar content
(dependencies) can use the same bit allocation for representa-
tion, thus reducing the total number of bits needed. Matching
blocks are estimated using motion vector predictor algorithms
[50, 61]. Therefore, the objective of video encoders is to min-
imize the distortions (D) after compression and the number of
bits (b) needed for encoding dependencies in the blocks (also
referred to as rate R). This is known as R-D minimization. For
frames split into K blocks, the objective function is shown
mathematically as [45, 51]

K
Minimize Y (D(st,s}) +Abx), (1)
k=1

where sy is the original kth uncompressed block, s is its de-
coded version of the compressed representation, D(s, s,) is a
distortion function that returns the mean squared error (MSE)
between s; and s/, A is Lagrange multiplier assigning rela-
tive importance to distortion and the extra bits, and by, is the
number of extra bits needed to encode spatial (within frames)
and/or temporal (across frames) dependencies of the kth block
in a frame from a reference frame. In codecs such as HEVC
and AV 1, blocks with highly dynamic and complex scenes are
further subdivided into smaller sub-blocks for precise motion
prediction [50, 51]. This is shown in Figure 2 where blocks
are subdivided into multiple levels to encode the area with
moving car. Thus, the number of bits b for a block k and the
total number of bits B for a segment with S total blocks that
are subdivided using a single-level quadtree is given by:

I N
by=Y b, andB=Y by, )
i=1 k=1

14

where b;; is the number of bits required for motion prediction
of ith sub-block of kth block and I is the number of sub-
blocks’. Note that while decoding the exact content requires
algorithms, it is possible to obtain the total number of bits
used in a segment B simply by parsing the statistics of the
segments present in its headers.

2The number of sub-blocks depends on the codec used. For example,
HEVC and AV1 use a quadtree structure with four recursive sub-blocks,
whereas VVC uses a multi-tree structure
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Figure 4: The plots show the correlation between video segment sizes and the
number of moving objects for two different videos. The Spearman correlation
values are 0.49 and 0.80, respectively.

Tiles: The newer video standards such as HEVC, AV1, and
VVC allow encoding videos in the form of independent rect-
angular units called tiles. Tiles allow individual spatial parts
of frames to be encoded, removed, and decoded independently.
Multiple works have, therefore, used tiles to optimize the de-
livery of 360 or omnidirectional videos [46, 57]. Note that
tiles are different from blocks discussed in the above sub-
section. A tile consists of multiple blocks. During encoding,
tiles are enforced with the constraint that the spatial and tem-
poral dependencies among the blocks should be within blocks
inside the tile boundaries only[41]. Therefore, the dependen-
cies are localized and based only on the content within a
tile.

Since tiles are independently encoded units of a video, re-
moving them does not impact the decoder. The decoder can
easily play the video by placing empty patches in the places
where tiles are missing (Figure 1d). An important advantage
of using tiles is that removing them reduces the video file size,
thus saving network bandwidth. We confirm this in Figure
3 where we prune tiles one by one in 45 segments of a tiled
video and observe that the average filesize of the segments
reduces linearly. This implies that removing tiles with irrel-
evant scenes, such as the background with no objects, sky,
trees, and buildings, can curb unnecessary bandwidth usage.

2.2 Correlation Between Number of Objects
and Segment Bitrate

In surveillance settings, the camera itself is at a fixed loca-
tion but needs to monitor any movement/changes. Due to the
compression strategy of video codecs (discussed in §2.1), any
sudden appearance and/or movement of objects would lead
to a corresponding increase in the amount of residual data.
Intuitively, this would lead to an increase in the bitrate (which
effectively means filesize) of the video segments.

We first explain the intuitive reason behind the possible
correlation between the number of moving objects and seg-
ment bitrates. Note from Eq. (2) and Figure 2 that regions of
the video that have more motion and objects of interest are
sub-divided into smaller blocks and thus require more num-
ber of bits to encode. Therefore, videos with moving objects
and dynamic content have higher bitrates [15, 37]. Note that
motion prediction and the use of smaller blocks for dynamic
scenes are used by almost all modern video standards, such as
H.264 [34], HEVC [24], AV1 [23] and VVC [27]. Such higher
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Figure 5: Amount of possible savings in four sample videos. In (a) and
(b), we show that the removal of the frame background leads to no loss of
information. In (c), we quantify the possible data savings. Each video has
a length of 1 minute and a resolution of 940x540. For “Full Video", we
send the entire video unchanged. For “Relevant Objects", we remove the
background.

bitrates have been observed by prior studies [15, 37, 59].

We confirm this hypothesis by studying the correlation
between the filesize of videos and the number of objects,
where the videos are segmented into lengths of 0.5s each.
Figure 4 shows the scatter plots of two distinct videos in
different settings (details of the benchmarks used are in §4).
We note that the filesize and number of objects in the segments
are moderately correlated, with the correlation values ranging
from 0.48 — 0.90. Such an observation motivates us to design
a surveillance system that can use the bitrates to detect the
presence of objects of interest, i.e., moving objects.

However, utilizing this observation to skip segments is
difficult. This is because, as seen in Figure 4, no segment has
zero objects, indicating that it is impossible to remove any
segment without hurting the accuracy. Thus, an alternative
strategy of pruning unnecessary regions is needed.

2.3 Shortcomings of Existing Systems

Recent works have proposed two major strategies to reduce
the amount of data sent to the servers. The first strategy,
frame-level filtering, is to transmit only a limited number
of frames and then reconstruct the position of the moving
objects from them [60]. The second strategy is to send only a
low-resolution version of the video. The server side can then
compensate for the low resolution by either running a more
compute-intensive DNN [54] or, if needed, sending queries to
the camera to send frames/regions of interest within frames
at higher resolutions [17]. Figure 5 shows the amount of data
that can be saved by sending only the relevant portions of the
frame. We observe a reduction of 3.5 — 19X in the filesizes
that need to be sent if only the objects identified (known as
regions of interest) are transmitted over the network.

However, sending only the regions of interest has a couple
of challenges. First, traditional techniques of detecting objects
require some type of DNN. Current techniques, such as DDS
[17] and CrossROI [22], can only identify the spatial regions
by running these compute-intensive DNNs. Although a few
recent models like Yolo-Ret [20] can run in real-time on em-
bedded devices with GPU, such as Jetson Nano, their reported
accuracy is only comparable to the weakest full models (i.e.,
nano version of Yolov)).

While smart cameras, with specialized compute capabili-
ties to run DNNG, are available in the market, they are at least
5x costlier than conventional cameras [1]. Thus, current tech-
niques either depend on server-side calibration heuristics as
proposed by DDS [17] or Reducto [38] or utilize specialized
hardware such as FPGA-based boards [21]. Second, prun-
ing unnecessary regions or frames of interest often requires
integration of the logic into the camera’s firmware itself to
avoid the overhead of re-encoding the video [38]. Both utiliz-
ing server-side techniques and integrating the logic into the
firmware increase the complexity and cost of the system.

Next, we present TILECLIPPER that overcomes these limi-
tations of prior works by using the key idea that bitrates and
the presence of moving objects are correlated.

3 TILECLIPPER’s Architecture & Design

3.1 Design Choices and Overview

To resolve the challenges discussed earlier, TILECLIPPER
selects video tiles for transmission to the server in real-time.
Unlike prior works, TILECLIPPER side-steps the problem of
integration with firmware by using the tiled encoding built
into the video standard. The main advantage of tiles is that
removing some of them is not compute-intensive and can
be done in real-time, even on embedded platforms. TILE-
CLIPPER’s identification of relevant tiles has the following
motivations:

1. Minimal computation requirement on the camera side:
The amount of computation on the camera side should be
low enough to allow cheap edge devices like RPi to run
the tile selection technique in real-time. This allows easier
integration of the technique into existing deployments.

2. Substantial bandwidth savings: The number of tiles sent
to the cloud server should be small enough to provide
significant bandwidth savings.

3. Sufficient robustness: The selection of tiles should be ro-
bust enough so that server-side object detection accuracy
does not suffer by missing out on necessary tiles under
different light and weather conditions. The calibration of
the system should not introduce a lot of additional compu-
tation overhead on the cloud/edge server.

TILECLIPPER Overview: The key idea behind TILECLIP-
PER is that video encoders utilize a technique of encoding
that generates higher bitrates for tiles with moving or complex
scenes than with simpler static scenes. This enables TILE-
CLIPPER to identify the regions of interest without using the
raw frames (i.e. the video is not decoded for TILECLIPPER’S
inference to run). This makes TILECLIPPER different from
existing state-of-the-art techniques that often utilize optical
flow [39] or low-level features of frames [38]. This technique
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Figure 6: Workflow of TILECLIPPER. On the camera side, the camera gener-
ates tiled videos and runs the thresholding strategy to remove unwanted tiles.
The server side runs the initial calibration and the DNN to recognize objects.

further has the advantage that it is easy to integrate TILECLIP-
PER with newer codecs, such as AV1 and VVC that utilize
increasingly complex encoding and decoding algorithms.
Figure 6 shows the workflow of TILECLIPPER. At the cam-
era side, 0 camera hardware captures frames, 9 provides
the HEVC encoded tiled video, 9 we apply TILECLIPPER’s
tile selection heuristic to select the relevant tiles from tiled
video using a threshold. TILECLIPPER depends on a crucial
observation to select tiles. We identify tile bitrate (in kbps) as
a key statistic that can be used to identify whether there is a
moving object in it. This is feasible because of the way video
encoding schemes work in practice — where any static back-
ground material can easily be inferred via prediction from
previous frames, but moving objects need to be encoded with
additional bits [15, 37]. This increases the sizes of a group of
tiled video frames with objects in them, as opposed to the ones
that have only static background material. e TILECLIPPER
uses this insight to design a selection strategy. It calculates
each tile’s statistics separately and then individually identifies
the right threshold for each of them by calibrating it (discussed
in §3.3). @ Any tile that exceeds the threshold is sent to the
server for detailed post-processing for traffic surveillance. @
At the server side, we use YOLO-v5 [9] for object detection
and calibration. @) The calibrator uses the first 30s of videos
and runs a DNN to send the right parameters as feedback to
the camera. While we have assumed calibration to run on the
server side, it is lightweight and rare enough to be performed
even on edge devices with GPUs like nVidia Jetson Nano.
Furthermore (as discussed in §5.2), calibration need not be
triggered even by changes in weather/lighting conditions.

3.2 Utilization of Tile Bitrate Statistics

Correlation Between Tile Bitrate and Moving Objects: A
major challenge of TILECLIPPER is to identify the spatial
regions of interest. TILECLIPPER focuses on the smaller rect-
angular regions (tiles) as opposed to entire segments because
there are few segments with no objects of interest. To utilize
tiles, we first divide each segment into a configuration of 4 x 4
tiles, as justified by prior works such as CrossROI [22] since
it gives a good balance between accuracy and overhead of

# of Objects
O =N W & ;

20 25 30 35 40 28 20 30 31 32 33 34 35
Filesize (KB) Filesize (KB)

Figure 7: The plots show the correlation between video tile filesize and the
number of objects for two different tiles. The Spearman correlation values
are 0.78 and 0.90.

encoding. We obtain the bitrates statistics of each tile and use
a computer vision algorithm YOLO-v5 to obtain the number
of objects in each of them (illustrated in Figure 1). A key
thing to note is that obtaining the bitrates of each individual
tile does not require decoding. Thus, this technique can be
utilized on encoded videos by parsing only metadata.

We then obtain the correlation between the tile bitrates
(filesizes) and the number of objects (shown for two tiles in
Figure 7) for each individual tile. We find that there is a very
strong correlation, with the Spearman correlation coefficient
always exceeding 0.75. Figure 8a (for a subset of 32 tiles)
shows only the tiles containing the moving car have higher
bitrates. Note that even though the car is partly present in tiles,
all of them show higher bitrates because the car is moving
in all of these. Therefore, objects split across tiles show a
similar signature in all tiles containing them. Such a strong
correlation can be intuitively explained by the fact that since
each tile is independently encoded, their sizes are affected by
even a small number of moving/changing objects (see Figure
2). These changes cannot be as efficiently compressed by the
encoding algorithm, leading to larger tile bitrates (in §2.1).

This strong correlation no longer holds if the comparison is
performed across tiles with distinct scenes, even of the same
segment (shown in Figure 8b). This is because the background
encoded in each of the tiles affects the bitrates. We note
that the tile bitrates have significantly different distributions,
with the median values being different by a factor of 2.5x.
Thus, each individual tile has its own bitrate characteristic
that cannot be directly inferred from the adjacent tiles.
Lighting and Weather Conditions Affect Tile Bitrates: We
also note in Figure 8c that both lighting and weather con-
ditions affect tile bitrates. Again, this is intuitive since the
background content can affect the tile bitrates. We find that in
the rain, the droplets reduce the intensity of the colors, thus
reducing the median tile size by over 30% compared to noon
time. Since light and weather conditions can change period-
ically, these observations imply that the tile bitrate can be a
good metric only over the short term. Thus, while tile bitrate
can be used as a metric, the actual threshold should depend
on a moving window of the bitrate statistics. An alternative
strategy would be to recalibrate periodically, which has ad-
ditional overheads (shown in Figure 16). However, we will
show in §5.2 that using percentile statistics over a moving
window performs as good as periodic recalibration.
Presence of Noise in Tile Bitrates: We next observe in Fig-
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Figure 8: (a) relation between the presence of moving objects and the bitrate (in bps) of tiles. Note that only the tiles where the car is moving have a higher
bitrate than the other tiles. (b) and (c) shows bitrates of the same video across 600 segments of different tiles and the same tile under different lighting conditions,
respectively. (d) shows the temporal (for 20s) distribution of video segments of a tile; spikes with high bitrates (in orange) have objects.

ure 8d that while the bitrates of a tile are noisy in nature,
the amount of noise in general is small. The higher peaks
usually represent the presence of moving objects, while the
smaller peaks tend to represent minor changes, such as shad-
ows, changes in lighting conditions, and so on. Therefore,
just considering any tile bitrate higher than a certain arbitrary
value does not necessarily imply the presence of an object.
Thus, we discard smaller peaks by considering only the spikes
as most probable to have objects with sizes greater than a
threshold. Choosing this threshold via an intelligent strategy
is, therefore, crucial as it is different for each tile and directly
affects the accuracy and savings of TILECLIPPER. Moving
objects of no interest, such as the movement of foliage, also
gives a considerable spike in bitrate distribution. However,
they should be discarded because they are irrelevant to traffic
surveillance. Our calibration phases make the threshold high
for these cases to reduce false detections.

3.3 Our Thresholding Technique to Filter Tiles

Problem Formulation: The goal of TILECLIPPER is to iden-
tify as many tiles with moving objects as possible while dis-
carding tiles without such objects. The ratio of tiles selected
with moving objects to the total tiles with moving objects is
called recall. The ratio of tiles with objects present to the total
tiles sent is called precision’. A high recall ensures that the
most relevant objects are selected, whereas a high precision
ensures that substantial bandwidth is saved. Let the bitrates of
tiles 7;(j = 1,...,t) of a segment s; be denoted as B;(T;). Let
their corresponding precision and recall be denoted by P;; and
R;;j, respectively. TILECLIPPER needs to identify the right
threshold r;; on bitrate B;(7;) of each < s;,7; > pair to clas-
sify if objects are present. An accurate classification would
imply balancing both recall and precision. This is typically
done using Fg-score, which is the weighted harmonic mean
(HM) of precision and recall [40]*. Mathematically,

14 p? 1
2B HM(l)i.i’ ERij)avsia T;
3We utilize precision and recall instead of the absolute number of true
positives and true negatives as the data is often imbalanced in nature [40].
4Harmonic mean gives higher weightage to the term that has the least
value. Thus, for harmonic mean, unlike in arithmetic or geometric mean,
higher weightage to a term is given by dividing the term by the weight.

Maximize Fg=

3)

To assign the value of B, we note that recall is usually given
higher priority than precision in traffic surveillance as it is
often used in safety-critical applications [13]. In such cases,
B =2 is used as it gives 4x higher weight to recall than to
precision. We, therefore, maximize the F2-score. However, to
explore the accuracy versus savings tradeoff for addressing
use cases requiring higher precision, the value of 2 can be
substituted by other values commonly used, such as 1 or 0.5.
Calibrating the Thresholds and Selecting Tiles: During the
calibration, we send all the tiles of the first S segments to the
server to run the CALIBRATE procedure. It starts by running
the object classification (using YOLO-v5x) to identify tiles
with moving objects inside by tracking bounding boxes using
StrongSORT [19] object tracker in each frame of the segments
(Line 2 of Algorithm 1). We use the intersection over union
(IoU) of tracked bounding boxes to segregate tiles with static
and mobile objects. We accordingly classify the tiles of the
segments into two categories: frue (with moving objects)
and false (without moving objects). For each category, we
compute the 10™",20™, ... 80" percentiles’ of the bitrates
for each tile separately for all S segments, denoted by P}j*,
Pive .. Py and P{(;’ l‘ye,P‘ng fse .. ,ng Is¢ respectively. We
then consider the threshold as the mean of P7“ and P4
for all values of v1,v2 = 10 to 80. We identify the pair of
percentile values v1 and v2 using an exhaustive search that
maximizes the F2-score for thresholding at the camera side
(Line 4-8 in Algorithm 1). For each video, we use the first
S=60 segments (30s) for calibration, which worked well for us
during sensitivity tests (in Appendix A). After calibration, the
server returns the best percentiles p_t and p_f and the clusters
Q_t and Q_f with bitrates of the segments in S belonging to
true and false categories, respectively, for each tile.

With the thresholds now calibrated, we use the SELECT
procedure in Algorithm 2 at the camera to obtain the threshold
on the bitrate. This is called for all the tiles of every segment.
The procedure looks at the bitrates of the segments in each
cluster (Q_t and Q_f) of each tile to compute the percentile
values. To adapt the thresholds temporally, we maintain two
different clusters of size 10 (sensitivity towards size shown

SWe choose percentiles instead of weighted means due to its lower bias
towards outliers, which are introduced by mistakes in the ground truth [55].
Furthermore, we utilize statistics instead of absolute values to adjust to con-
tent drift. We later show that this avoids the need for periodic re-calibration.
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in the Appendix A) for each category. Note that each tile
has its own independent cluster with ten recent bitrate values.
We compare the bitrate with the tile-specific midpoint of
<P ‘;",P]{jlfe > (Lines 8-10 in Algo 2), where the values
p_t and p_f are chosen during the calibration phase. The
tile-specific clusters are updated in each call (Lines 12 and
14). A segment classified with no object is added to cluster
Q_f, automatically removing the older element (because we
use evicting queues® as clusters). A segment with objects is
pushed to cluster Q_¢. This update of clusters (an instance
of a sliding window) ensures that the clusters are up to date
with the changing bitrate distribution, making them adaptive
to scene changes. Note that for tiles where we encounter no or
very few segments with objects (< 10%, i.e., < 6 segments)
during calibration, this technique does not work because the
clusters are not populated with enough values to represent
the bitrate distribution. We fall back to an outlier detection
approach for these cases (Lines 3-6).

Fallback to Outlier Detection: In a few tiles (=~ 21% of
the total tiles in our dataset), the calibration phase finds no
or too few segments with objects (no object ratio O < 10%)
within the S segments. These cases happen either because
the tile focuses on an area outside the roads or because there
is less traffic. We cannot decide to remove these tiles alto-
gether because ~ 26% out of 21% (5.72% of the total) of
tiles start having objects after calibration. Since these events
are rare, we model them as the tail of a Gaussian distribu-
tion. To identify these, we compute the median Psy and the
standard distribution ¢ of the bitrates of the tiles across past
S segments, which is updated at each step (Line 6 of Algo
2). We then utilize Psg+ Y X © as the threshold (Line 5). To
identify the right value of y, we run TILECLIPPER on such
tiles to get Figure 9 that shows how the false positives and
misses vary with the increase in the value of y. We choose
¥ = 1.75 (corresponding to the 96™ percentile), which gives
a mean miss rate of < 0.05 and a mean false positive rate
of = 0.075. Note that we choose a slightly lower value of ¥
over the one that minimizes the total errors in Figure 9 for
providing higher weightage to recall than precision.

Time Complexity of Calibration and Thresholding: We
note that computing the percentile statistics of the tiles takes
O(SlogS), where S is the number of segments used for cali-
bration. If there are ¢ tiles, then this computation is repeated
for each tile. Thus, calibration has a total time complexity
of O(tSlogS). For the SELECT procedure, again, we com-
pute the percentiles of the two queues, which have a time
complexity of O(|Q|log|Q|), where |Q] is the maximum size
of the two clusters (10 in our case). We also use enqueue
operations, which take constant time. Since the SELECT pro-
cedure is called for all tiles 7, this gives a total time complexity
of O(¢|Q|log|Q|). Since both ¢ and Q are relatively small in
magnitude (< 20 each), this time complexity is small enough

SEvicting queues are FIFO queues with auto-dequeuing when enqueue
exceeds the queue size.

Algorithm 1 TILECLIPPER’s strategy for calibration

INPUT: Bitrate of each tile B;(7;), list of percentile values V
OUTPUT: percentiles of true cluster and false clusters < p_t, p_f >,
tiles in the cluster with objects Q_z, tiles in cluster with no objects
o_f

1: procedure CALIBRATE(B;(T}),V)

2 Q_t,Q_f = Object recognition and tracking on S segments
3 0+ 1] // Empty list of objective values

4 for each value v1 in V do

5: for each value v2 in V do
6

7

8

9

f2 + ComputeF2Score(Q_t,0_f,v1,12)
o.push(< v1,v2, f2 >)

< p_t,p_f >+ argmax<y1,2>(0)

return < p_t,p_f>,0._t,0_f

Algorithm 2 TILECLIPPER’s strategy to estimate the thresh-
old for tiles of segments.
INPUT: Current tile’s Bitrate B, no object ratio O, # used for cali-
bration S, two evicting queues Q_t and Q_f containing bitrates of
the past segments and best percentiles p_t and p_f to use for true
and false clusters respectively, value of 7y to use.
OUTPUT: Threshold on a tile.

1: procedure SELECT(Q _¢,0_f,0,S,B,p_t,p_f,Y)

2 /[ Calculate threshold r

3 if (sizeOf(Q_r)/S) < O then

4: /I Not enough objects; use fallback

5: r  (median(Q_t) +yx*std(Q_t))

6: Q_t.enqueue(B) // Update cluster

7: else

8: u < percentile(Q_t,p_t)

9: [ < percentile(Q_f,p_f)
10: r < 0.5% (u+1) // Mean of both percentiles
11: if B > r and (sizeOf(Q_t)/S) >= O then
12: Q_t.enqueue(B)
13: else if B <= r and (sizeOf(Q_t)/S) >= O then
14: Q_f.enqueue(B)
15: return r

for it to run at real-time on cheap devices.

4 Implementation and Dataset

TILECLIPPER’s Implementation: We implement both the
camera-side version of TILECLIPPER and server side calibra-
tion in Python3. We obtain the bitrates of the tiled segments
using the tool ffprobe available in the FFmpeg tool suite [3].
We run the camera-side component on Raspberry Pi 4 and
Jetson Nano. Our server uses Ubuntu 18.04 and has an nVidia
GeForce RTX 2080 Ti GPU. For the experiments, we store
the encoded videos on the storage of Raspberry Pi or Jetson
Nano and then use a script to start our workflow.

Video Encoding: While a number of traffic surveillance pub-
lic datasets are available, they are usually not encoded in tiled
form. Since TILECLIPPER requires the input video in tiled
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Table 1: Summary of the dataset used for evaluation.

Dataset # of Videos | Resolution Duration Type
AICC21 14 1920 x 1080 5 min Benchmark
14 1280 x 960
DETRAC 20 960 x 540 1-2 min Benchmark
Others 4 1280 x 720 6-8 min Chaotic
OurRec 3 1280 x 720 13-25 min Flyover
Total 55 - - -

form, we first need to encode the videos into tiled format using
a system of 4 x 4 tiles. Other tiling configurations are possible,
but we will discuss in §5.4 (as have prior works like CrossROI
[22]) that this configuration performs well in practice. We
first split the entire video into segments of 0.5s duration. We
choose this duration since having it smaller wastes more band-
width due to poor compression while increasing it reduces
the scope of tile removal because fast-moving vehicles exit
tiles quickly, leaving them empty mostly. We then encode it
using the open-source HEVC encoder Kvazaar [53] at 30fps,
and finally pack it into mp4 using the tool GPAC [36].

An encoding parameter that influences the quality of the

videos is the Quantization Parameter (QP). A high QP value
implies that both the amount of compression and loss is high.
However, traffic surveillance videos do not require quality
as good as in videos for end-consumers [17, 18]. Thus, we
experimentally identify the QP parameter that leads to no loss
of object detection accuracy using YOLO-v5s (in Figure 10).
We observe that a QP parameter of 30 does not lead to any
such loss while also reducing filesize by almost 4 x, therefore
we encoded all of our videos at 30 QP.
Datasets and Baselines: For large-scale evaluation, we use
YOLO-v5s as the ground truth, as it is widely used for surveil-
lance, by running it on each tiled video segment to identify
objects. As in Reducto and DDS, we utilize publicly available
benchmarks and a few of our own videos (Others and OurRec)
in chaotic traffic and at flyovers (summarized in Table ). The
dataset has been carefully chosen to incorporate more hours
of video and more diverse traffic conditions than the original
studies that proposed the baseline strategies.

As a baseline, we re-implement DDS with a few changes
in parameters to make the performance comparable to TILE-
CLIPPER. We recall that DDS first sends the videos at a higher
QP of 36 with lower 0.8 x resolution and identifies the regions
with objects. The regions where objects are identified with
low confidence are then queried from the camera to send at a
lower QP than the original video (30 in our case with 0.8 x res-
olution). Our version of DDS uses HEVC video encoding and
YOLO-v5s as the neural network on the server side (consid-
ering its state-of-the-art performance) [48], with a threshold
value of 0.2 — 0.25 to fetch an object for the second phase’.

7A larger range of values leads to fewer misses and/or misclassifications,
but at the cost of lower saving. We noted from experiments that increasing
this range even by 0.05 leads to a large increase in objects recalled in the
second phase, thus allowing very low or even negative savings compared
to sending the whole video. This also highlights the critical dependency of
DDS on DNNs’ confidence score.
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Figure 9: Increase in the value of ~ Figure 10: Varying video QP vs.
v decreases the chance of selecting ~ filesize and YOLOVS inference per-
tile falsely (FP) and increases the ~ formance. YOLOVS does not lose
probability of misses (FN). objects till 30 QP.

Although DDS always sends the video frames at a resolution
0.8 x the original, we still calculate the savings by comparing
them with 1 X resolution to retain their setting and make the
reported savings compatible with their implementation.

We utilize the open-source implementation of Reducto as
a second baseline with fixes to circumvent the low QP video.
Reducto’s frame filtering uses a calibration system to first
cluster the values of low-level pixel features. We reproduce
the technique and then let the calibration run for 120s, as we
observed that this calibration time minimizes the need for
re-calibration in the future.

Finally, we include two additional orthogonal baselines —
CloudSeg and StaticTileRemoval (STR). We were able to
run the open-sourced version of CloudSeg available at [43]
without any changes. CloudSeg sends the videos at a lower
resolution than the original and uses super-resolution at the
server end before using object detection. We send the videos
from the camera end at a resolution of 0.5 x the original and
then use super-resolution at the server end for upscaling. In
STR, we annotate the tiles that do not contain any road area
and remove them. This allows us to test the utility of TILE-
CLIPPER’s thresholding strategy. We do not compare against
AccMPEG [18] as its implementation requiring changes to
the codec is currently not compatible with HEVC.

Performance Metrics: We report the following metrics:

(1) Accuracy: Accuracy is the ratio of objects that are de-
tected after tile pruning to the total number of objects detected
without filtering.

(2) Precision: Precision is the proportion of objects detected
that are actually relevant (moving objects). A high precision
indicates a substantial amount of bandwidth saving.

(3) Recall: Recall is the proportion of objects correctly identi-
fied. Having a high recall is essential to ensure that our system
does not miss any moving objects.

(4) Bandwidth saving: The bandwidth saving in percentage
is the amount of data reduction achieved as compared to the
original data if the pruned video is sent.

(5) Execution time: We measure the execution time in frames
per second on the camera side. We measure computations on
the server side in terms of GPU use time in minutes.
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Figure 11: Performance of TILECLIPPER compared to Reducto and DDS in terms of (a) accuracy, (b) precision, (c) recall, and (d) bandwidth savings.
TILECLIPPER provides accuracy, precision, and recall comparable to DDS, but larger bandwidth savings than DDS. TILECLIPPER provides much higher
accuracy than Reducto (12-15%), though TILECLIPPER’s savings are lower on average by 10%. We omit Reducto’s precision and recall results as it never gives
false positives, and also omit its results on DETRAC dataset as it requires more calibration time than the length of videos.

5 Evaluation

We evaluate TILECLIPPER’s performance and justify some
of its design choices discussed in §3.1 in various scenarios
and compare it with DDS, Reducto, and CloudSeg.

5.1 Comparison with Baseline Techniques

Accuracy: Figure 1 1a compares the accuracy of TILECLIP-
PER and other baseline techniques across datasets. We list
down our observations as follows: (1) TILECLIPPER is able
to achieve a mean accuracy of over 0.85 on all the datasets.
It exceeds 0.90 on AICC21, DETRAC, and OurRec. This in-
dicates that very few moving objects are left undetected. (2)
TILECLIPPER has comparable accuracy with DDS. Only on
AICC21 videos DDS performs marginally better than TILE-
CLIPPER. (3) Reducto suffers in terms of accuracy at testing
time, leading to the lowest accuracy on all the datasets. Note
that Reducto prepares a hash table of various thresholds, and
the camera uses this threshold for filtering. Due to high quanti-
zation, the pixel level differences fail to be included within the
existing clusters, leading to lower accuracy. We observe that
this does not work well in practice on videos of lower quality,
as corroborated by [52]. Further, we cross-verified Reducto’s
performance by running on videos with lower quantization to
reproduce the accuracy originally reported.

Precision and Recall: Figure 11b and 1 1c shows the preci-
sion and recall of TILECLIPPER and DDS. Since Reducto’s
frame filtration never provides false positives, we omit its com-
putation of precision. We observe that TILECLIPPER provides
> (.85 precision and > 0.90 recall, which is high enough for
most safety-critical applications [13]. DDS’s both recall and
precision are comparable to TILECLIPPER, thus proving that
TILECLIPPER’s threshold works well in selecting tiles. We
further separately check the precision and recall values on the
DETRAC dataset, as it contains such different traffic densities.
We find that the fallback approach gives precision and recall
values of 92.65% and 96.48%, respectively, which is only 2%
lower than where normal calibration is possible.

Bandwidth Savings: Figure | 1d shows a comparison of band-
width saved in percentage for each technique. We observe
that, TILECLIPPER provides > 40% savings for AICC21 and

Table 2: Comparison with CloudSeg and StaticTileRemoval (STR).

Mean Accuracy (%) Mean Saving (%)
Dataset Tile- Cloud- | STR Tile- Cloud- STR
Clipper Seg Clipper Seg
AICC21 94.12 96.77 100 42.23 57.34 17.44
DETRAC 95.48 97.04 100 22.06 61.41 07.05
Others 87.98 90.80 100 09.28 69.89 00.00
OurRec 93.50 95.02 100 12.91 64.13 05.04

> 20% for DETRAC videos. For OurRec and Others, the sav-
ing is close to 10%. This is due to the nature of the videos
because in these datasets, the number of cars and the traffic
flow rate are very high and occupy most of the frame. This
leaves less room for saving in terms of removing unnecessary
tiles. Except for OurRec, on all other datasets, TILECLIPPER
gives higher bandwidth savings than DDS. The savings for
DDS are generally lower than TILECLIPPER even though it
uses higher QP and 0.8 video resolution. DDS also has a
high variance compared to other techniques. This is attributed
to the second phase of asking for the video at a high resolu-
tion if it has less confidence. Reducto has higher savings than
both DDS and TILECLIPPER on all the datasets except on
AICC21, where its savings are slightly lower. This is because
Reducto’s heuristic filters out frames even with dense traf-
fic. These gains in bandwidth, however, come at the cost of
accuracy, as shown in Figure | 1a. Note that in cases where
TILECLIPPER’s accuracy and saving drop, the accuracy of
DDS and Reducto drop too. This implies that the accuracy
and saving drop is dataset specific and is not a shortcoming
of TILECLIPPER.

Comparison with Orthogonal Techniques: We also com-
pare TILECLIPPER with the complementary works Cloud-
Seg [54] and StaticTileRemoval (STR) in Table 2. STR re-
moves the off-road tiles. Hence, none of the moving objects
are missed, which leads to 100% accuracy at the cost of poor
savings. Such savings even reach 0 on Others videos while
TILECLIPPER provides 9.28% mean savings. Savings of
TILECLIPPER is at least 2x that of STR. CloudSeg provides
the highest accuracy and saving, which is expected because
it sends videos of half the resolution at the cost of increased
server-side GPU use. TILECLIPPER’s accuracies on AICC21,
DETRAC, and OuRec are comparable to CloudSeg. In the
case of OurRec and Others dataset, due to occlusions and
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Figure 12: (a) Accuracy and bandwidth saving tradeoffs of TILECLIPPER
and baseline strategies across the entire dataset. (b) GPU use time and saving
tradeoffs of all the systems for a video of ~25 minutes.

types of vehicles not present in the training dataset (COCO)
of YOLO-v5 (our server-side DNN is trained on), TILECLIP-
PER’s calibration misses objects leading to a drift from the
optimal value. This makes TILECLIPPER filter tiles incor-
rectly. We leave utilizing a better server-side object recog-
nition for future work. The adaptive spatial tile pruning of
TILECLIPPER helps achieve high savings compared to Static-
TileRemoval across the datasets.

Tradeoffs: Figure 12 shows the tradeoffs of all the techniques
between accuracy, saving, and server-side GPU usage. We
find that TTLECLIPPER provides a better tradeoff between ac-
curacy and bandwidth saving than the baselines (Figure 12a).
CloudSeg gives the best tradeoff between accuracy and band-
width saving at the cost of the highest server-side GPU use. At
the server, as the majority of the cost comes from energy and
money spent on GPU usage, we compare server-side GPU
usage to process a ~ 25 minute video against the saving in
Figure 12b. Here, TILECLIPPER provides the best tradeoff be-
tween server-side GPU use and bandwidth savings. Although
Reducto’s savings are slightly better than TILECLIPPER, its
GPU usage is 20x higher and gives the lowest accuracy. This
implies that TILECLIPPER can maximize its accuracy and
savings while using the least server-side resources.
Execution Time: We now test TILECLIPPER, Reducto, DDS,
and CloudSeg benchmarks on two distinct edge devices —
Jetson Nano and Raspberry Pi 4B (RPi). Figure 13a shows
TILECLIPPER’s processing speed along with the baselines on
each device in terms of frames per second (fps) on the camera
side. We note that TILECLIPPER runs at the rate of 22 fps on
RPi, > 16 fps [6], [10] needed for most real-time analytics,
while on Jetson Nano, it runs at 57 fps. The higher speed on
Jetson Nano is due to its support for hardware-based HEVC
encoding on it. CloudSeg performs similar to TILECLIPPER
on RPi because it also requires only video encoding. DDS
is slower than TILECLIPPER on each device, as it requires
extraction of the spatial portions from the frames (in its second
phase), which is computationally expensive. Reducto runs
fastest because it needs to encode fewer number of frames.
Cloud Server Cost: Figure 13b shows the server-side cost
in terms of server GPU use time of each system to process
a video of ~ 25min. We note that the most common object
detectors available today are single-shot detectors, where the
amount of computation is independent of the scenes. We ob-
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Figure 13: (a) shows mean video segment processing time (in fps) of TILE-
CLIPPER, Reducto, DDS, and CloudSeg at the camera side on different
hardware. (b) shows server use time of all the systems for a ~ 25min video.

serve that TILECLIPPER uses less computation (GPU) on
the server side than others. It requires computation initially
only during calibration for 60 video segments (30s). On the
other hand, CloudSeg uses super-resolution continuously to
scale up the low-resolution videos from the camera, and DDS
requires processing all frames through a DNN to recall ob-
jects. Both are computationally expensive and use GPU to
run super-resolution and object detection algorithms. In our
experiments, Reducto required frequent recalibration every
2 minutes using the server’s GPU. However, note that Re-
ducto’s computation for inference may also reduce slightly
due to fewer frames eventually sent by the server. In summary,
while TILECLIPPER runs in real time on edge devices and
is computationally cheaper, it also uses less power (reducing
costs) on the server side, making it an overall more efficient
and scalable system.

5.2 Effect of Environment

Varying Traffic Density: Figure 14a and 14b show the accu-
racy and bandwidth savings achieved under different traffic
densities. As expected, we note from Figure 14b that videos
with less traffic density give the possibility of removing more
tiles, resulting in more bandwidth savings. TILECLIPPER
saves 22% more than DDS in both conditions. Furthermore,
Figure 14a shows that TILECLIPPER works equally well in
low traffic conditions, indicating that its fallback approach
also gives good accuracy in practice.

Varying Lighting Condition: We also have a set of three
videos from the AICC21 dataset from the same camera with
different lighting conditions — noon, rain, and dawn. We find
that the accuracy values (shown in Figure 14c) do not change
significantly. They are all more than 0.92 across all settings
and comparable with DDS. Reducto performs worst, giving
< 0.85 accuracy in all the environments. TILECLIPPER’S
bandwidth savings (Figure 14d) are consistently > 30% as
compared to DDS in all the conditions, showing its robustness
in all weathers. Reducto gives the highest savings only at
noon, performing the worst in the rain because raindrops
decrease the correlation between pixels of frames to filter.
Impact and Need for Recalibration: We argued in §3.3 that
any change in weather and light conditions can be handled
by TILECLIPPER’s cluster-based adaptive threshold without
recalibration. We confirm this in Figure 15a and 15b. We first
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Figure 16: The amount of data sent
to the server and the total number
of recalibrations in TILECLIPPER
and Reducto.

calibrate on the videos for noon and then run it both using re-
calibration and without re-calibration for the videos in other
conditions, such as rain and dawn. We note that recalibration
has a negligible impact on accuracy and savings. This shows
that TILECLIPPER’s thresholding strategy of using percentile
statistics of the clusters is robust enough to adapt to light-
ing and/or weather conditions, and additional recalibration is
unnecessary to maintain consistent performance.
Recalibration Overheads: We now compare in Figure 16 the
overheads involved in calibrating TILECLIPPER and Reducto
in terms of data sent to the server during calibration and
the total number of calibrations needed. We omit DDS and
CloudSeg as they have no notion of calibration. We observe
that for a 25min video, Reducto sends 15x more data to the
server than TILECLIPPER for calibration. Further, the overall
number of calibrations needed is also 10 more in the case of
Reducto. This is because Reducto does not inherently adapt
to scene changes and requires frequent recalibration triggers
to get updated thresholds from the server. On the other hand,
the adaptive algorithm (discussed in §3.3) of TILECLIPPER
based on the clusters of the past 10 video segments can align
itself with the temporal changes, making it more robust to
changes in weather and traffic volumes changes, imposing
lower server overheads.

Camera Server 4G Phone

4G
Y
[FFmpeg]>>[Kvazaar}»{ GPAc || VisTA |
Raw Tiled Tiled Tile
Frames HEVC Mp4 Filtering
Odroid H3+

(a)

Figure 18: Live deployment, (a) Workflow on Odroid H3+, (b) On-site setup
with a tripod-mounted camera connected to the Odroid.

5.3 Live Deployment of TILECLIPPER

We also evaluate TILECLIPPER in a live deployment where
the key challenge was that surveillance cameras available
today do not utilize tiled encoding. Live encoding in software,
as done by Kvazaar, requires support for vector instructions
that are unavailable on ARM processors. Thus, we designed
a setup on Odroid H3+ [8], which had an Intel Jasper Lake
N6005 x86 processor clocked at 2.0 GHz frequency. This
costs around $130, which is similar to the cost of Jetson Nano.
Setup: Figure 18a shows the process of capturing frames,
tiling, encoding, and running TILECLIPPER on top of it. To
get 0.5 s of tiled video segments (needed for TILECLIPPER)
at an fps of N, we first capture N/2 raw video frames from
the camera using FFmpeg, encode them into HEVC tiled
videos using Kvazaar (with a superfast encoding preset) and
finally use GPAC to package them into tiled mp4. All these
tools run in cascade and transfer data via Linux pipes on the
Odroid H3+ board. We run the TILECLIPPER’s thresholding
algorithm on the encoded tiled video segments to discard tiles
with no objects. We used a smartphone with 4G connectivity
as a hotspot. After obtaining regulatory and IRB approval,
we installed the setup about 4-5 meters from a two-way road
intersection near our campus, having a vehicle speed limit
of 30kmph. The traffic consisted of a mix of vehicles and
pedestrians. We use a Logitech C615 1080p webcam as our
camera connected to the Odroid H3+ board (shown in Figure
18b). Setting a bitrate filtering threshold in the deployment
was similar to the design in §3.1. We sent the first 60 segments
to our hosted server for calibration over the 4G network. Once
the server returns the feedback, we let the tile filtering run.
TILECLIPPER did not require any recalibration during the
entire live experiment.

Results: We run two experiments of 30min and 15min dura-
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Figure 19: Sensitivity studies to (a) measure the effect of using fallback, and
(b) show the effect of different tile configurations on accuracy and savings.

tion at frame rates of 30 and 10 fps, respectively. The accuracy
and savings for both scenarios are reported in Figure 17. We
observe that in this setup, TTLECLIPPER obtains an accuracy
> 88% and 90%, and saving > 55% and ~ 50% on 30 fps and
10 fps segments, respectively. However, even though the band-
width saving in terms of percentage is similar, the amount of
data sent is 53% higher when encoded at 30fps than at 10fps.
We also observe that the streaming latency of filtered tiles
is 50% and 30% lower after using TILECLIPPER compared
to streaming the entire video at 30 fps and 10 fps, respec-
tively. This shows that TILECLIPPER’s bandwidth savings
also reduce streaming latency, unlike DDS.

5.4 Sensitivity Study

We now justify the decision choices made in TILECLIPPER,
including the parameters used during calibration and in the
algorithmic strategies through sensitivity tests. We show addi-
tional sensitivity tests, namely, the need for a search of per-
centile statistics, the size of the clusters, and the calibration
duration in Appendix A.

Effectiveness of Fallback: To validate the effectiveness of
our fallback strategy for outlier detection (discussed in §3.3),
we conducted a study with and without the fallback on 43
videos out of all 55 where the calibration phase identified
no or too few segments with objects of interest (Figure 19a).
Note that the no fallback approach leaves out all tiles, as it
assumes that none of them would have objects. Thus, any
strategy would show some fall in savings. TILECLIPPER’s
fallback strategy demonstrated a mere 8% reduction in sav-
ings compared to the scenario where it was not employed, as
depicted in Figure 19a. Here, we show results for the tiles
where clusters could not be formed during calibration due to
the absence of objects. We observe that more than 65% of the
tiles with objects were detected using the fallback strategy
while having only 7% false selections. This implies that us-
ing our fallback strategy is more suitable than removing tiles
altogether.

Using different tile configurations: We compare the accu-
racy with 4 x 4 tiles, among 2 x 2, 4 x 4 and 6 x 6 configura-
tions in Figure 19b. In each case, the encoder uses constant-
bitrate encoding to ensure that the size of the video does not
change with tile configurations. While the accuracy remains
relatively consistent irrespective of the setting used, we obtain
substantial savings (over 30%) only with 4 x 4 and 6 x 6 con-

figurations. While selecting 6 x 6 yields significant savings,
it also escalates calibration complexities and increases the
extraction time of bitrates by 3.5x as opposed to 2 x 2 tiles.
Thus, we selected the tile configuration of 4 x 4 since it strikes
the optimal balance between savings and operational intrica-
cies. A similar configuration was also chosen by CrossROI,
citing an identical reason [22].

6 Related Works

Works on traffic surveillance fall into two categories — opti-
mization of traffic surveillance using a variety of intelligent
strategies and design of lighter DNNs.

Optimization of Traffic Surveillance: Traffic surveillance
is increasingly used in practice, and thus is an important area
of research [28, 32, 38, 44, 54, 54, 59]. Chameleon [32] and
Spatula[31] use the traffic correlation from multiple cameras
to identify segments to send to reduce bandwidth consump-
tion. CASVA [59] uses a deep reinforcement learning mecha-
nism to adapt the video parameters to the changing bandwidth
configuration. AccMPEG [18] optimizes server-side DNN
accuracy by tuning video codec-specific parameters to re-
duce bandwidth usage. This requires it to rely on the server
side to get the right parameters. CloudSeg [54] sends the
video at a low resolution but then uses super-resolution on the
server side. Like CloudSeg, DDS [17] similarly also sends the
video at a low resolution but then requests additional parts of
frames separately when the DNN has low confidence. Clown-
fish [44] and AdaMask [39] extract the background content
of the video frames and separately send only the objects to
reduce the amount of data. However, identifying the objects
requires a lightweight deep neural network, thus requiring
a more expensive device on the camera side. Reducto [38]
and SmartFilter [52] use a set of pixel-level operations to fil-
ter out irrelevant frames. MRIM [56] sends mixed-resolution
frames having a higher resolution for areas with objects. Un-
like TILECLIPPER, these works all work at the frame level,
thus requiring the raw frames. Furthermore, like TILECLIP-
PER, CoVA [29] analyzes videos in the compressed domain
to identify objects of interest. However, unlike TILECLIPPER,
it uses neural networks on the server side.

Design of Lightweight Neural Networks: A number of
works reduce the computation needed for vision tasks. For ex-
ample, [25], [20] and [12] all run object detection on smaller
edge devices like Jetson Nano. However, they still require a
GPU for computation, and their speeds come at the cost of
accuracy. FastDeeploT [58] and DeepAdaptor [26] identify
and then prune the nodes in the neural network for pruning to
make it light enough for execution on embedded systems. No-
Scope [33], RECL [35] and Ekya [11] all design lightweight
DNNs based on the situations observed by the cameras. Such
techniques are orthogonal to our work.
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7 Discussion on Design Choices, Limitations,
and Future Work

We discuss a few aspects and limitations of TILECLIPPER:
Missing Tiles with Static and Small Objects: TILECLIPPER
relies on the presence of moving objects to select tiles and,
thus, misses static objects. As static objects would not raise
the bitrate, the thresholding strategy would treat small move-
ments as noise. Similarly, slow-moving objects could also be
missed by TILECLIPPER, as they might not create sufficient
changes in the bitrate. A possible mitigation strategy for slow-
moving objects would be to use techniques like optical flow
to interpolate missing frames/regions within videos. Since
the changes in the case of slow-moving or static objects are
relatively small, such interpolation can be done via optical
flow estimation followed by pixel synthesis [16].

We also note that there is a slight drop in accuracy on TILE-
CLIPPER with Others and OurRec datasets as they contain a
few such missed cases. Furthermore, small objects (< 1/20th
of the tile dimensions), such as pedestrians or vehicles far
from the camera do not increase the bitrate sufficiently to
get detected by TILECLIPPER. They get considered as noise.
However, missing such objects does not often hurt server-side
application accuracy because such smaller objects (< 1% of
the entire frame) are also missed by DNNs at the server.
Choice of Video Codecs in TILECLIPPER: We have evalu-
ated TILECLIPPER on videos encoded using HEVC at con-
stant bitrate (CBR). We choose HEVC as it is used in today’s
cameras [2, 4, 5], and there is open-source software available
to manipulate its tiles easily. As newer codecs like AV1 and
VVC support tiles and utilize similar encoding strategies, we
expect TileClipper to also work with them. Note that H.264
encoders do not support tiled encoding, so it is difficult to use
TILECLIPPER with H.264. Furthermore, we utilize CBR en-
coding as the tool used for video encoding, Kvaazar, does not
support variable bitrate (VBR) encoding [7]. As VBR allows
changes in bitrates of segments depending on the complex-
ity of content, such changes in the individual tiles (utilized
by TILECLIPPER) are even more strongly visible. Recent
prior works on traffic surveillance such as AdaMask also
utilized another similar technique called constant rate factor
(CRF). Note that we do not consider adaptive bitrate (ABR),
since none of the traffic surveillance systems currently use
it. However, we believe that TILECLIPPER can still function
by initially calibrating itself for each of the possible quality
levels on the server.

Reduced Precision with Unstable Camera: The DETRAC
dataset has a few videos with unstable cameras, causing move-
ment across the frame, leading to lower precision and savings.
We intend to explore reinforcement learning-based calibration
to handle such problems by studying the correlation across
tiles of segments. As the motion of moving objects on traffic
would follow a pattern that leads to a temporal correlation
among tiles. Such reinforcement learning-based camera cali-

bration has shown good results in CamTuner [47].

Applying TILECLIPPER on Other Applications: Our eval-
uation discusses object recognition, because TILECLIPPER
is agnostic to applications. This is unlike the baseline papers,
such as DDS and Reducto, whose parameters need to change
depending on the query sent to the camera. Because TILE-
CLIPPER does not make any changes at the frame level or
quality of videos, it has no direct effect on applications such
as object classification, reidentification, or tracking. TILE-
CLIPPER could also potentially be used to infer the level of
congestion on roads since any change in the number and/or
movement of objects in a tile would trigger TileClipper to
send the content.

8 Conclusions

In this paper, we present a system TILECLIPPER for traffic
surveillance that substantially reduces bandwidth consump-
tion by selecting spatial regions (tiles) of interest for further
analysis at the server. TILECLIPPER’s tile selection leverages
the observation that tile bitrates strongly correlate with the
number of moving objects inside it. We then implement TILE-
CLIPPER on inexpensive edge devices and show that it runs in
real-time. We further show that it outperforms prior systems in
accuracy, bandwidth savings and/or amount of computation in
a wide range of scenarios and live deployment. We have made
available our source code and datasets for use (in Appendix
B) by the community to encourage further research.
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A Supplementary Materials Appendix

A.1 Additional Sensitivity Results

We now discuss three additional sensitivity results to justify
the search for tile statistics, the size of clusters, and the dura-
tion of calibration used in TILECLIPPER. The study utilizes
the same dataset as in §5.4.

Without Search of Tile Statistics: We first recall that TILE-
CLIPPER uses a search of the percentile statistics to find out
the optimal one. To verify that this search is essential, we per-
form our study with a threshold value fixed at 50" percentile
for both the clusters across 8 videos, selecting 2 videos from
each of the 4 datasets randomly. This results in more savings
(= 2x) at the cost of lower accuracy when compared with
the study run on the same dataset but with calibration as illus-
trated in Figure 20a. This happens due to the static nature of
the threshold value. The tiles with objects of interest having

a lower bitrate than the fixed threshold are missed, affecting
accuracy. Our selection of 50/ percentile is deliberate, as opt-

ing for any other lower value would have led to a compromise
in accuracy.

Varying cluster sizes: In Figure 20b, we show experimenta-
tion with different cluster sizes. Interestingly, we find that var-
ied cluster sizes do not affect accuracy. However, we observe
a decrease in savings by 3.34% when cluster size changes
from 10 to 15. It is important to note that we avoid a cluster
size of 5 over the choice of 10 as it captures the underlying
bitrate distribution with a mere 7.5% dip in savings. Further-
more, we also note that choosing any size above the cluster
size of 10 leads to a progressive decline in savings.

Varying calibration duration: Figure 21 demonstrates the
calibration phase across different time durations, we delib-
erately chose videos from the dataset where the Tileclipper
exhibited its worst performance. The motivation behind our
experiment is to observe the effect of varied calibration dura-
tion. We observe that changing the calibration duration has
relatively small effects on the overall accuracy and savings.
Since increasing the calibration time did not contribute to
an improvement in accuracy or savings instead, we chose to
utilize an average calibration of 30s to reduce the incidents of
fallback.

B Artifact Appendix

We now describe the technique of reproducing the results dis-
cussed in the evaluation of TILECLIPPER. This open-sourced
artifact provides the required codebase with documentation
to run TILECLIPPER to reproduce the reported results.
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B.1 Scope

The artifact contains all the required pre-processed datasets to
reproduce the results quickly. In addition, we provide sample
videos/datasets to validate TILECLIPPER and the baselines.

B.2 Contents

The file README.md in the main branch describes the right
steps and procedures for evaluation. Note that the codes re-
quire the dataset to be downloaded and placed in the appro-
priate folder before evaluation.

B.3 Hosting

All the source codes of TILECLIPPER are open-sourced on
GitHub at https://github.com/shubhamchdhary/TileClipper.
The datasets can be downloaded from Zonodo at
https://doi.org/10.5281/zenodo.11179900.

B.4 Requirements

Although TILECLIPPER is evaluated on a diverse set of hard-
ware (like Raspberry Pi, nVidia Jetson Nano, and Odroid
H3+), it can also be run on any Linux-based (tested on Ubuntu
20.04) computer with nVidia GPU. It depends on a few frame-
works/tools that can be easily built using the instructions in
the repository. The detailed requirements are specified in the
README file.
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