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Abstract. We developed and evaluated different schemes for the real-time com-
pression of multiple depth image streams. Our analysis suggests that a hybrid
lossless-lossy compression approach provides a good tradeoff between quality
and compression ratio. Lossless compression based on run length encoding is
used to preserve the information of the highest bits of the depth image pixels.
The lowest 10-bits of a depth pixel value are directly encoded in the Y channel
of a YUV image and encoded by a x264 codec. Our experiments show that the
proposed method can encode and decode multiple depth image streams in less
than 12 ms on average. Depending on the compression level, which can be ad-
justed during application runtime, we are able to achieve a compression ratio of
about 4:1 to 20:1. Initial results indicate that the quality for 3D reconstructions is
almost indistinguishable from the original for a compression ratio of up to 10:1.
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1 Introduction

Color and depth (RGBD) sensors, such as the Microsoft Kinect, are used in many re-
search areas. In 2013, Beck et al. [3] presented an immersive group-to-group telepres-
ence system which is based on a cluster of RGBD-sensors that continuously captures
the participants. The color and depth image streams are then sent to a remote site over
a network connection where they are used for the real-time reconstruction of the cap-
tured participants. Due to the large amount of image data that has to be transmitted, the
network bandwidth can become a bottleneck. E.g., a setup of five Kinect V1 sensors
running at 30 Hz requires a network connection of 2.46 GBit/s. While this might be
feasible with high-speed local area networks, the bandwidth of internet connections is
typically in the range of 10 to 100 Mbit/s. To reduce the amount of data that has to be
transmitted, Beck et al. [3] already suggested the usage of a DXT compression scheme
for the color images which compresses the color data by a fixed ratio of 6:1. However,
the compression of depth streams was not addressed at all.

Our hybrid lossless-lossy compression method offers different levels of compres-
sion quality and compression ratios which can be adjusted during application runtime
for adapting to the available bandwidth. The main contributions of our work are:



– Optimal bit assignment from depth values to YUV channels including a lossless
encoding mode for the highest bits of the depth values.

– Optimal setting scheme of x264-based encoding parameters for depth maps.

– Efficient encoding and decoding implementation for multiple depth image streams
in less than 12ms on average for compression ratios between 4:1 to 20:1.

The integration of our hybrid compression scheme into our immersive telepresence
application shows that the quality for 3D reconstructions is almost indistinguishable
from the original for a compression ratio of up to 10:1.

2 Related Work

The development of codecs for depth image compression has become an important
research topic in recent years. In the context of 3D reconstruction, a class of meth-
ods operate on 3D meshes or point clouds [13, 2, 4, 14, 17]. However, the processing
costs for 3D compression are typically much higher than for 2D image compression,
and, the benefits of segmentation and prediction cannot be used effectively. In addition,
geometry-based methods need to maintain special data structures which often rule out
high compression ratios.

From another point of view, depth images are ”special” gray images, which con-
tain object edges (high frequency areas) and smooth surfaces (low frequency areas).
Therefore depth image streams can be compressed by international standard [16, 18,
20, 12, 19, 11, 6, 8, 23, 22, 15] or non-standard [9, 5, 10, 1] video encoding algorithms.
Non-standard encoding algorithms focus on retaining the integrity and quality of high
frequency areas. On the other side, the compression ratio of above algorithms is not
very high and most schemes are not compatible with color video compression.

Pece et al. [16] reported initial results to adapt standard video codec algorithms for
depth images. However the error, which is introduced by the compression, is compara-
bly high, even for lower compression ratios. This was mainly caused by the loss of the
higher bits of the depth image’s pixels.

More recently, the High Efficiency Video Coding (HEVC) standard was introduced
and investigated by many researchers [18, 20, 12, 19, 6, 11, 15]. However, the standard-
ization of 3D Video Coding Extension Development of HEVC is still under develop-
ment and many parts are in the experimental stage. Besides HEVC, other approaches
like JMkta or JM based H.264/AVC depth map coding [8, 23, 22] have been proposed.
However, neither the JMkta- nor the JM-reference software can meet real-time applica-
tion requirements. Our approach is partially inspired by the work of Pece et al. [16]. We
therefore further investigated and analyzed the depth bit assignment schemes in order to
deduce optimal settings for standard real-time video coding algorithms. In addition, our
proposed method uses a hybrid lossless-lossy compression approach, which provides a
good tradeoff between quality, processing time and compression ratio.



Fig. 1: Pipeline for the analysis and the determination of optimal depth-bit assignment
(upper row) and of optimal encoding configurations (lower row).

3 Compression Approach

3.1 System Overview

Our approach is based on the optimal determination of many available encoding param-
eters. In order to deduce the optimal settings, we recorded a sequence of multiple depth
image streams which we used in our analysis. The precision of the depth images is
clamped to 12 bit and converted to millimeter. The resulting depth-range of 4.000 mm
is sufficient for most practical scenarios. In our analysis, we first investigate several
schemes to assign 12 bit depth pixels to YUV-channels. Second, we evaluate different
parameters which are used to configure the x246-encoder. Figure 1 gives an overview of
our experimental setup. Our analysis is then used to obtain an optimal set of encoding
parameters to provide several levels of quality and compression ratios. After the iden-
tification of the optimal parameter set we integrated the encoder as well as the decoder
into a prototype pipeline for real-time 3D reconstruction (c.f. Figure 2). Based on this
real-time 3D reconstruction pipeline, we were then able to perform a quantitative and
qualitative evaluation of our proposed depth compression method.

Fig. 2: Overview of the processing and streaming pipeline. Multiple RGB-sensors are
connected to a server which encodes the image streams. The client receives the image
streams and performs the decoding as well as the 3D-reconstruction.

3.2 Analysis of Depth-bit Assignment

The x264-codec family provides three different YUV color spaces: 4:2:0, 4:2:2 and
4:4:4. In addition the x264-library can be compiled with an internal precision of 8 bit or
10 bit. In our analysis we tested both precisions. We assign the highest 8 bit/10 bit of a



12 bit depth image’s pixel to Y space. The remaining lower bits can be assigned to the
UV space using 4 different methods: Method 1 assigns the remaining lower bits to UV
space in byte order. This can be performed for all color spaces (4:2:0, 4:2:2 and 4:4:4).
For color spaces 4:2:2 and 4:4:4, Method 2 assigns the lowest bits to the corresponding
lower bits of the U space, while the unassigned space of the byte is set to zero. For color
space 4:4:4, Method 3 interleaves the lowest bits to the corresponding lowest bit of U
space and V space, the unassigned space is set to zero. Method 4 assigns the remaining
lower bits of the depth pixel to the lowest bit position in the UV space.

On the one hand, the lower bits of the depth pixels tend to contain noise. As a result,
the inter frame prediction that is used in x264-encoding is limited. Therefore, a simple
option is to discard the lower 2 bits of the depth pixels. Of course, this will introduce a
depth error of 3 mm in the worst case.

On the other hand, the higher bits of the depth pixels are very important for an accu-
rate 3D reconstruction. We therefore investigated a hybrid lossless-lossy compression
scheme. The main idea of our hybrid encoding scheme is to encode the highest 2 bits of
the depth pixels using a lossless compression algorithm and to assign the lower 10 bits
in the Y channel of a YUV image for x264 encoding. For lossless encoding we evalu-
ated the three most commonly used algorithms: Huffman, LZW and run length (RLE).
We achieved the best compression ratio and encoding performance with RLE.

3.3 Optimal x264 Encoding Parameters for Depth Image Streams

After the analysis of the depth-bit assignment methods, we had to find the optimal pa-
rameter settings for x264-encoding. Because our evaluation revealed that an internal
precision of 8 bit results in very poor quality (c.f. Table 1), we focus on the 10 bit
version of x264 in the following. First, we decided to set the global encoding parame-
ters to constants: profile=high10, csp=I420, framerate=30, tune=zerolatency. Next, we
analyzed further encoding parameters, which have a special influence on the encoding
quality of x264 for depth image streams. The most important parameters are preset,
IDR interval and crf. We will provide details of our analysis in Section 4.2.

4 Results and Discussion

We performed our analysis and evaluation for the Kinect V1 and the Kinect V2. The
Kinect V1 has a depth resolution of 640 x 480 pixels and the Kinect V2 has a depth
resolution of 512 x 424 pixels. We recorded a sequence of approx. 4000 frames from five
Kinect V1 sensors and three Kinect V2 sensors simultaneously. Three sensors of both
Kinect-types were positioned at approximately the same location in order to capture the
same depth image content, actually a person (standing and gesturing). For encoding we
used version 142 of the x246 library [21], for decoding we used version 2.6.1 of the
ffmpeg library [7]. The operating system was 64-bit Ubuntu 14.04.2 LTS running on a
dual six-core Intel(R) Xeon(R) CPU E5-1650 V2@3.50GHz.

In our evaluation, we use the following notations: Time means average encoding
(decoding) time in milliseconds per frame, Ratio means average compression ratio,
Error lists the mean absolute error (MAE) between the decoded depth image and the



original image along with the maximum absolute error in brackets, Method ranges from
1 to 4 and indicates the different assignment schemes which were used as described in
Subsection 3.2.

4.1 Evaluation of Depth-bit Assignment-Methods

First, we evaluated our proposed depth-bit assignment schemes. The results are listed
in Table 1 and Table 2. It can be seen from Table 1 that method 2 for color space
4:2:2 and method 4 for color space 4:4:4 using 10 bit precision for x264 result in a
very good encoding performance. Both, the achieved compression ratios as well as
the PSNR are relatively high. In Table 2, we compare the encoding performance for
discarding the lowest 2 bits (denoted as 10bit@x264) with the best results we achieved
for the experiments from Table 1. We can see that the encoding is faster for 10bit@x264,
which is mainly achieved by avoiding the processing of the UV channels. In addition,
both, PSNR and compression ratio are very close to Method 2 and Method 4. As a first
result, we can deduce that it is feasible to discard the lowest 2 bits instead of assigning
them to UV channels. However, the error remains near 3 mm on average, as expected.

Next we compare our proposed hybrid lossless-lossy compression approach (de-
noted as 10bit@x264+2bit@RLE) to the method 10bit@x264. The results are listed
in Table 2. As one can see, the encoding time increases for 10bit@x264+2bit@RLE,
which is mainly caused by the RLE encoding time overhead, and, the compression ra-
tio is lower. However, the quality of compression in terms of PSNR, MAE (1.31 mm),
as well as maximum error (26 mm) is much better compared to 10bit@x264. As a sec-
ond result, we can summarize, that our hybrid approach can achieve a very high quality
at the cost of a lower compression ratio and a slightly longer encoding time.

Table 1: Experimental results for different depth-bit assignment methods (1 to 4).

Bit depth Color space Method Time (ms) Ratio PSNR (dB) Error (mm)

8

420 1 13.0 0.43 54.55 3.60 [97]

422
1 14.5 0.41 53.01 5.41 [112]
2 14.4 0.39 52.06 7.83 [101]

444

1 14.6 0.34 53.13 5.11 [89]
2 14.5 0.34 53.67 4.90 [104]
3 14.5 0.31 54.23 3.40 [99]
4 14.7 0.29 56.20 3.49 [103]

10

420 1 14.0 0.21 57.58 3.47 [70]

422
1 14.5 0.18 58.11 3.51 [70]
2 13.9 0.17 58.90 2.70 [77]

444

1 14.8 0.18 57.30 4.01 [79]
2 14.7 0.17 57.42 3.88 [88]
3 14.7 0.17 58.18 3.78 [90]
4 14.6 0.15 58.40 3.26 [89]



Table 2: Evaluation of discarding the lowest 2 bits per depth pixel and comparison
of hybrid lossless-lossy encoding (10bit@x264+2bit@RLE) vs. pure x264-encoding
(10bit@x264).

Color space Method Time (ms) Ratio PSNR (dB) Error (mm)
444 4 14.6 0.15 58.40 3.26 [89]
422 2 13.9 0.17 58.90 2.70 [77]
420 10bit@x264 11.8 0.15 58.66 3.07 [80]
420 10bit@x264 + 2bit@RLE 15.1 0.23 65.17 1.31 [26]

4.2 Evaluation of x264 Encoding Parameter Settings

Next, we evaluated the parameter settings for x264-encoding. The results are listed in
Table 3 and Table 4. In Table 3, crf is set to 1, and the depth bit assignment scheme
is 10bit@x264. It is obvious that the encoding performance is best for IDR interval=1.
The reason for this is that depth images typically have areas with silhouette edges and
also smooth surfaces, which is more suitable for intra-prediction than inter-prediction.
Therefore we set both, crf and IDR interval to 1 for the evaluation of different preset
settings (Table 3). In comparison to veryfast and superfast, ultrafast results in smaller
depth errors and shorter encoding times with only little loss in the compression ratio.

In our next evaluation, we therefore set preset to ultrafast and IDR interval to 1. We
were now interested in a comparison between 10bit@x264+2bit@RLE and 10bit@x264
for different crf settings. The results are listed in Table 4. While encoding times are
always higher for our hybrid method the quality in terms compression ratio, PSNR and
error is much better. However, 10bit@x264 can still be an efficient encoding method if
a higher compression ratio (at the cost of quality) is preferred.

Table 3: Evaluation of different IDR interval settings and different preset settings.

Preset IDR interval Time (ms) Ratio PSNR (dB) Error (mm)
very fast 20 12.0 0.17 57.66 3.40 [98]
very fast 10 12.0 0.17 57.86 3.33 [98]
very fast 1 11.8 0.15 58.66 3.07 [80]
superfast 1 9.7 0.16 59.80 3.00 [73]
ultrafast 1 8.0 0.17 60.34 3.04 [68]

4.3 Depth Compression for Real-Time 3D Reconstruction

We evaluated our compression approach in the context of real-time 3D reconstruction.
The 3D reconstruction itself is performed using the approach from [3]. We mapped the
most suitable configurations to 8 compression levels as listed in Table 4. The compres-
sion ratio for depth encoding can then be adjusted during runtime from 1 (lowest) to
8 (highest). Figure 3 and Figure 4 illustrate results for 3D reconstructions for different



Table 4: Evaluation of different crf settings along with the mapping to 8 compression
levels.

Method crf Time (ms) Ratio PSNR (dB) Error (mm) Compr. level

10bit@x264+2bit@RLE

1 11.7 0.25 68.02 1.19 [15] 1
6 11.0 0.18 62.73 2.17 [28] 2
12 8.5 0.12 57.92 3.66 [50] 4
18 7.5 0.06 54.14 5.65 [87] not used
24 7.3 0.05 50.30 8.39 [183] not used

10bit@x264

1 8.0 0.17 60.34 3.04 [68] 3
6 7.7 0.11 56.50 4.59 [112] 5
12 7.2 0.08 53.47 7.00 [168] 6
18 7.2 0.04 49.72 10.16 [281] 7
24 7.1 0.04 44.90 15.21 [542] 8

Fig. 3: Surface normal visualizations of 3D reconstructions for different compression
ratios, generated from the corresponding depth image (upper row). Note, that the images
in the lower row are reconstructed from the corresponding depth image, too.

Fig. 4: Comparison of the resulting 3D reconstruction from 2 overlapping Kinect V2
sensors for different compression ratios.



compression levels. We can see that the subjective 3D reconstruction perception us-
ing our compression approach with a compression level from approx. 20% to 10% is
almost indistinguishable from the original depth image. The perceived quality is still
acceptable for a compression ratio of approx. 7% to 8%. For the highest compression
settings, shown in the two rightmost columns, the quality of the reconstruction is ob-
viously reduced, e.g. edges tend to deteriorate and the reconstructed surface appears
blocky.

Table 5 lists the processing times, as well as the compression ratios and the neces-
sary bit rates assuming the devices are running at 30Hz for different configurations. As
one can see, we are able to encode and decode multiple depth image streams in real-
time. The encoding as well as the decoding time scales with the compression level. The
number of streams has only little influence due to highly parallelized processing. Note,
that we do not provide an evaluation for multiple color image streams. In our current
system, we use a DXT1-based color compression which is able to encode multiple color
image streams in real-time, e.g. less than 30 ms for resolutions up to 1280 x 1080 per
color image.

Table 5: Evaluation of different stream configurations and compression levels.

Streams config. Compr. level Encoding (ms) Decoding (ms) Ratio Bitrate (Mbit/s)

1x640x480
1 11.9 6.6 25.7 4.5
4 7.8 5.2 11.4 2.0
8 7.2 4.3 4.6 0.8

3x640x480
1 13 6.7 23.6 12.4
4 9.5 5.5 10.4 5.5
8 8.6 4.6 4.3 2.2

5x640x480
1 13.8 8.6 24.7 21.8
4 11 6.6 11.3 10.1
8 10.2 5.8 4.6 4.1

1x512x424
1 10.2 6.2 21.3 2.6
4 6.1 4.0 10.7 1.33
8 5.3 3.4 5.0 0.62

3x512x424
1 11.8 6.3 20.6 7.6
4 7.8 4.2 10.3 3.8
8 7.2 3.6 4.9 1.82

5 Conclusion

The real-time compression of depth image streams becomes a basic necessity if multiple
streams have to be sent over wide area networks. We presented an efficient solution to
adapt the x264-video codec, which is designed for 10-bit YUV color space images,
to 12-bit depth maps without modifying the codec algorithm itself. We deduced and
evaluated optimal x264 encoding parameters for depth images through experimental
statistics. Our research suggests that a hybrid lossless-lossy depth compression scheme



provides a good tradeoff between quality and compression ratio by using x264 for lossy
encoding and run length encoding to preserve the highest bits of 12 bit depth images.
Our evaluation shows that we are able to achieve compression ratios in the range of
4:1 to 20:1 for multiple depth image streams in real-time. The visual quality of 3D
reconstructions is close to the original for a compression ratio of up to 10:1. Although
we did not provide results for real-time color compression our method can simplify
the pipeline of color stream processing. A promising direction for future research is
a silhouette-aware joint color and depth compression which can further increase both,
compression ratio and reconstruction quality.
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