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ABSTRACT

Transmission of images and video over lossy packet net-
works is known to pose severe technical challenges; FEC and
ARQ are often used to make the transmission more robust to-
wards potential data losses. In this paper we investigate ARQ
strategies aimed at optimizing the transmission of progres-
sive codestreams over wireless environments characterized
by packet losses. The analysis is specifically tailored to the
JPEG 2000 family of standards, and considers Part 1 and 3
for image and video compression, and Part 11 for additional
error protection tools. We show that ad-hoc retransmission
strategies significantly outperform basic ARQ schemes, pro-
viding improved end-to-end image and video quality.

1. INTRODUCTION

JPEG 2000 [1] is the most recent lossy and lossless image
compression technology developed by the ISO/IEC SC 29
WG 1. With respect to previous standards, and to other com-
pression schemes, JPEG 2000 provides a number of remark-
able features, including improved coding efficiency, fine-
grain scalability, support for region of interest coding, ran-
dom codestream access, and error resilience. Thanks to its
advanced features, JPEG 2000 has plenty of possible appli-
cations, ranging from digital cameras to medical imaging,
remote sensing, compression and storage of compound doc-
uments, as well as delivery of multimedia images and video.

Among all possible target applications for JPEG 2000,
a key role is played by the wireless imaging applications.
Wireless imaging is known to pose severe technical chal-
lenges, due to the fact that the compressed data must be
transmitted from the source to the destination through a wire-
less transmission medium, which can potentially cause data
losses. Hence, wireless image transmission requires a pro-
vision for codestream error robustness, in a such a way that
unrecovered bit errors or packet losses do not dramatically
reduce the quality of the received data. For these reasons,
Part 1, 2, and 3 of the JPEG 2000 standard embody error-
resilience tools, which make a compressed codestream rela-
tive robust toward errors.

Nevertheless, these tools have not been designed to pro-
vide the very high degree of robustness required by some
wireless applications. Therefore, when the transmission
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channel is very harsh, additional error protection must often
be provided, e.g. in terms of additional forward error correc-
tion (FEC) coding, automatic repeat request (ARQ), or any
other tool that can guarantee a given degree of quality even
in presence of errors. The wireless imaging problem is inso-
far important, that the JPEG 2000 committee is developing
a new ad-hoc part of the standard, namely Part 11, which
addresses the issues relevant to the wireless applications.

In the past, there has been a lot of research work related
to error-resilient image transmission over channels prone to
bit errors; examples can be found in [3, 4, 5]. However,
less work has been done in the scenario of transmission over
packet networks potentially subject to packet losses. In [6]
FEC is used to generate multiple equi-important descriptions
of an image; the decoder exhibits robustness toward packet
erasures. However, FEC usually requires a relatively high re-
dundancy, so that, except for multicast applications, ARQ is
usually preferred. Typical ARQ schemes are completely un-
aware of the characteristics of the data that are being trans-
mitted. As a consequence, all packets are treated in the same
way. However, since multimedia data are typically highly
structured, classical ARQ schemes are often suboptimal, in
that they do not exploit this structure. As an example, im-
ages are often compressed and stored in a progressive fash-
ion, meaning that the most important part of the data (i.e.,
those contributing the most to the final quality) are placed at
the beginning of the codestream. Intuitively, better perfor-
mance should be expected if packets containing those data
are transmitted more reliably (e.g., by allowing a larger num-
ber of retransmission attempts) than the other packets.

This paper deals with the investigation of optimized re-
transmission strategies for reliable image transmission over
lossy packet networks; 3G mobile communication systems
and 802.11 wireless LANs are the most widespread (though
not the only) examples of possible applications. The analysis
is specifically tailored to the JPEG 2000 standard, which sup-
ports both image [1] and video [2] compression. We exploit
a new tool currently being developed within Part 11 of the
standard, i.e. the Error Sensitivity Descriptor (ESD) marker
segment [7, 8]. This marker segment allows an encoder to
describe the error sensitivity of different parts of the code-
stream, and to embed this information into the codestream
itself. The error sensitivity description can be exploited for
several tasks, including: 1) optimizing the codestream robust-
ness via unequal error protection; ii) performing intelligent
ARQ, by dedicating a higher number of retransmissions to
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the most important packets; iii) carrying out optimized video
streaming, by prefetching the most important packets into
the packet scheduler; iv) optimizing the operation of a rate
transceiver, which can look up the error sensitivity infor-
mation to understand which quality would be delivered at a
given rate. The main contribution of this paper consists in the
performance evaluation of new and existing ARQ schemes
for JPEG 2000 in the context of 3G communication systems,
possibly exploiting the error sensitivity information, in order
to optimize the end-to-end quality of the received images.
Although ARQ has already been studied for other encoders
and video systems, to the authors’ best knowledge an analy-
sis targeted to JPEG 2000 has not been reported yet.

2. NETWORK MODEL AND VIDEO APPLICATION

As stated, we consider image and video communications in
3G mobile cellular systems using JPEG 2000 and Motion
JPEG 2000 as target encoders. In particular, the network
model is depicted in Fig. 1. The video data are conveyed
from a wired network to a base station, which forwards them
to the end-user via a wireless link. The base station may
contain a proxy server as in [9], which parses the incoming
packets in a smart way, so as to optimally handle retransmis-
sions to the end-user. The video data can be generated e.g.
by a streaming video server, or by another mobile terminal
in case of conversational application. In this paper we con-
sider the downlink between base station and terminal. This
corresponds to the whole wireless link in the streaming video
case, whereas it only represents the base station to terminal
air interface in case of conversational applications; in this lat-
ter case, the proxy server should also ask for retransmissions
from the video source terminal.

Wired
network

!

(] 2

Figure 1: Wireless network model.

JPEG 2000

Terminal |«— decoder

We consider intra-frame video compression using [2].
Grayscale images in CIF (Common Intermediate File For-
mat) and QCIF (Quarter CIF) format have been considered
(i.e., 352x288 and 176x144 pixels respectively). Channel
data rates of 64, 128, 384 and 512 kbit/s have been taken into
account; these rates can be easily accommodated by 2.5G/3G
mobile communication system, and can provide reasonably
good video quality. Packets of 80 bytes each have been con-
sidered at the RLC (radio link control) layer, and the RLC
acknowledged mode has been used to carry out ARQ at the
link layer. This setting is typical of image and video trans-
mission over a UMTS radio link for conversational applica-
tions [10]. The video frame-rate has been selected so as to
provide a reasonably good quality to the end user (i.e. tem-
porally smooth playback with sufficiently high PSNR) with
respect to the available bandwidth and the JPEG 2000 com-
pression capability. This has led to the selection of 10 and 15
frames/s for QCIF pictures, and 5 and 10 frames/s for higher

resolution CIF pictures; these corresponds to source bit-rates
from 0.2 to 1.5 bit-per-pixel (bpp). The data rate, packet size
and frame rate constrain the maximum number N of packet
transmission attempts available for each picture (including
possible retransmissions).

3. ARQ STRATEGIES

We have considered the following ARQ policy that exploits
the error sensitivity information contained in the ESD data
structure. We assume that a proxy server at the base station
intelligently manages retransmissions towards the end-user
terminal. The intelligence lies in the capability of the proxy
server to parse a JPEG 2000 or Motion JPEG 2000 code-
stream and 1) identify the picture number and codestream
start and end bytes, ii) identify the main and tile-part head-
ers, which are vital for correct decoding, iii) extract the ESD
data structure. The ESD can be employed to adapt the re-
transmission strategy according to the error sensitivity of the
different packets, and/or to carry out rate adaptation with ex-
act knowledge of the delivered quality for each possible rate
by means e.g. of the absolute sensitivity information. No-
tice that, if a codestream employs the layer-based progres-
sion order to optimize the expected PSNR at the receiver, a
good packet retransmission order is one that follows increas-
ing packet numbering, so that the most important packets are
requested first. This approach is not guaranteed to be optimal
in terms of quality, because it does not take into account ei-
ther decoder error concealment by means of the JPEG 2000
error resilience tools, or rate-distortion information possibly
contained in the ESD marker segment. However, in our ex-
periments it has turned out to provide excellent results. As a
consequence, if the proxy server must only carry out retrans-
missions, accurate rate-distortion information for different
portions of the codestream is not necessary. Nevertheless,
it must be noticed that this information is crucial to enable
accurate quality control for rate adaptation, or hybrid ARQ
and FEC [6, 9].

Based on these remarks, we have considered an ARQ
system which processes packets sequentially; in particular,
each unacknowledged packet is assigned a maximum num-
ber M of retransmissions before the following packet is pro-
cessed. Transmission is stopped upon reaching N transmis-
sion attempts, corresponding to the available bandwidth for
the current picture. This is a customary approach when the
proxy or base station is not aware of the content of each
packet, and attempts to provide the same delay for each
packet. As a consequence, some packets may be dropped,
and the JPEG 2000 decoder must employ its error resilience
capability to conceal the effect of losses. The case for M = 0
corresponds to no error protection via ARQ at all; conse-
quently, all the available bandwidth is used for coded source
data.

Moreover, we have investigated the behavior of an ARQ
system which only enforces a maximum number of retrans-
missions per picture N, but does not constrain the number
of retransmissions for each packet; this is equivalent to the
previous ARQ strategy in the limit of M = oo, constrained
to the maximum number N. Such system is expected to pro-
vide improved performance, since it recognizes that the delay
constraint can be enforced on a per-picture basis, and hence
employs the maximum number of leftover retransmission for
each packet, thus guaranteeing that the first and most impor-
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tant packets in the codestream are assigned a higher number
of attempts.

4. EXPERIMENTAL RESULTS

In the following we report experimental results on the trans-
mission of JPEG 2000 coded pictures according to the sce-
nario described above. The MOTHER & DAUGHTER (QCIF)
and M1sS AMERICA (CIF) pictures have been used to eval-
uate the performance of the considered ARQ schemes. The
JPEG 2000 encoder provides error resilience by using the
SOP and EPH markers [1], resetting the contexts and termi-
nating the arithmetic coder at each coding pass, and inserting
the segmentation symbol. The layer-progressive order is em-
ployed using 50 layers. It is assumed that the headers are
received error-free by the terminal. This can be obtained by
either using FEC codes to protect the headers as in [7], or by
always devoting M x N retransmissions to the packets that
contain the main and tile-part headers. The former strategy
has been used in our experiments. Expected PSNR (com-
puted by linearly averaging the MSE) has been used as qual-
ity metric, averaging the results of a Monte Carlo simulation
over 1000 picture transmissions for each test condition. Ran-
dom packet loss rates (PLR) ranging from 5% to 20 % have
been selected as representative of several wireless scenarios
including mobile communications.

In Tab. 1 the results for the MOTHER & DAUGHTER
picture at 10 frames/s are reported for several PLRs and data
rates. As can be seen, if no retransmissions at all are used
(M=0), a poor average quality is obtained also at PLRs as
low as 5%, even though the headers are received error-free.

Table 1: Average PSNR for MOTHER & DAUGHTER (QCIF
format, 10 fps).

PSNR (dB)
PLR | M | 64 kbit/s | 128 kbit/s | 384 kbit/s | 512 kbit/s
005 | 0 | 2674 2737 27.64 27.64
005 | 1 | 29.03 32.07 38.26 39.71
005 | 2 | 29.10 32.30 40.40 43.57
0.05 | « | 29.10 32.30 40.56 43.93
010 | 0 | 25.60 25381 25.85 25.85
0.10 | 1 | 2840 30.68 33.42 33.72
010 | 2 | 2878 31.87 38.68 40.68
0.10 | o | 28.82 32.01 39.97 43.18
015 | 0 | 2476 2434 2436 2436
015 | 1 | 2758 29.13 30.36 30.45
015 | 2 | 2842 31.26 36.33 37.42
015 | o | 2856 31.72 39.36 42.49
020 | 0 | 2411 24.15 24.15 24.15
020 | 1 | 2690 27.93 28.50 28.53
020 | 2 | 27.94 30.36 33.56 34.02
020 | o | 2829 31.42 38.76 41.68

This points out that some form of error control is required
in order to provide the user with an acceptable quality level.
In fact, with M=0 the received quality is dominated by the
position of the first lost packet, and this justifies the fact that
PSNR is little dependent on the data rate.

Employing one or two retransmissions yields a large
PSNR gain, showing the suitability of the ARQ approach for
this application. It is worth noticing that the M = o approach
always provides the best results, highlighting the validity of

the proposed approach. However, at PLRs as low as 5%, two
retransmissions yield quality very close or equal to the max-
imum values. On the other hand, for very harsh conditions,
the gain of the M = o0 approach becomes significant, pointing
out that limiting the number of retransmissions per packet is
a suboptimal strategy. This is due to the fact that the prob-
ability of losing one of the first and most critical packets is
high, thus vanishing the quality improvements conveyed by
the next received packets.

The performance improvement of the M = oo approach
with respect to M = 2 increases with higher channel data
rates, since this allows the proxy server to better manage the
retransmission of the most critical packets.

Tab. 2 reports the results of the same experiment, en-
coding the picture at 15 frames/s. Apart from the PSNR de-
crease due to the increased frame rate (and hence smoother
playback), similar comments can be made as for the quality
achieved by the considered ARQ strategies at various PLRs
and data rates.

Table 2: Average PSNR for MOTHER & DAUGHTER (QCIF
format, 15 fps).

PSNR (dB)
PLR | M | 64 kbit/s | 128 kbit/s | 384 kbit/s | 512 kbit/s
005 | 0 | 2588 27.10 27.61 27.64
005 | 1| 27.07 30.29 35.94 37.52
005 | 2 | 27.10 30.40 36.88 39.15
0.05 | « | 27.10 30.40 36.93 39.26
010 | 0 | 25.15 25.74 25.85 25.85
010 | 1 | 2676 29.38 32.66 32.22
010 | 2 | 2691 30.00 35.84 37.76
0.10 | o | 2693 30.07 36.37 38.72
015 | 0 | 2451 24382 2436 2436
015 | 1 | 2630 28.27 30.08 30.29
015 | 2 | 2671 29.53 34.46 35.79
015 | o | 2678 29.76 35.92 38.22
020 | 0 | 2397 2413 2415 24.15
020 | 1 | 2591 27.38 28.40 28.48
020 | 2 | 2644 28.90 32.58 33.32
020 | © | 26.60 29 .44 3551 37.76

Tab. 3 and 4 show the results of the same experiment for
a CIF image encoded at 5 and 10 frames/s respectively. It can
be observed that the same considerations as before still hold
for this higher resolution image format. As a consequence,
it can be seen that the proposed M = oo strategy consistently
provides the best results for this kind of application.

5. DISCUSSION AND CONCLUSIONS

As has been shown, error sensitivity information can be ex-
ploited by a proxy server at the base station to optimize the
retransmission management. In particular, it has been found
that the M = oo strategy, which does not constrain the num-
ber of retransmission attempts for each packet, but rather for
each frame, provides improved performance. This is mainly
due to the fact that this strategy privileges the retransmis-
sion of the first packets of the codestream, achieving a good
trade-off between channel rate and delivered quality. If the
codestream has been encoded in layer-progressive order, the
default mode for error sensitivity description turns out to be
adequate.

255



Table 3: Average PSNR for MisS AMERICA (CIF format, 5

fps).
PSNR (dB)
PLR | M | 64 kbit/s | 128 kbit/s | 384 kbit/s | 512 kbit/s
005 ] 0 21.46 21.47 21.48 21.48
0.05 | 1 33.00 34.40 35.56 35.75
0.05 | 2 35.23 38.08 42.16 43.36
0.05 | « 35.23 38.10 42.29 43.55
0.10 | 0 19.58 19.58 19.58 19.58
0.10 | 1 28.66 29.07 29.28 29.30
0.10 | 2 33.75 35.67 37.60 37.95
0.10 | o 34.97 37.86 42.11 43.27
0.15] 0 17.94 17.94 17.94 17.94
0.15 | 1 24.68 24.80 24.85 24.85
0.15 | 2 31.26 32.24 32.99 33.09
0.15 | o 34.73 37.60 41.88 43.04
020 | 0 16.85 16.85 16.85 16.85
020 | 1 22.78 22.83 22.84 22.85
020 | 2 28.04 28.45 28.70 28.73
0.20 | o 34.47 37.36 41.59 42.75

Table 4: Average PSNR for MiSS AMERICA (CIF format, 10
fps).

PSNR (dB)
PLR | M | 64 kbit/s | 128 kbit/s | 384 kbit/s | 512 kbit/s
005 | 0 | 2138 2146 21.48 21.48
005 | 1 | 31.06 33.00 34.94 3521
005 | 2 | 3230 35.23 39.63 40.58
0.05 | « | 3230 3523 39.69 40.66
010 | 0 | 1955 19.58 19.58 19.58
010 | 1 | 27.89 28.66 29.19 29.23
0.10 | 2 | 3139 33.75 36.56 36.98
0.10 | « | 32.03 34.97 39.53 40.46
015 | 0 | 1793 17.94 17.94 17.94
015 | 1 | 2439 24.68 24.83 24.84
015 | 2 | 29.75 31.26 32.64 32.79
0.15 | o | 31.81 34.73 39.35 40.24
020 | 0 | 1685 16.85 16.85 16.85
020 | 1| 2262 22.78 22.84 22.84
020 | 2 | 2726 28.04 28.59 28.64
020 | o | 3157 34.47 39.11 40.02

On the other hand, it is worth noticing that, if other pro-
gression orders are employed, requesting packets sequen-
tially may not be the best approach. As an example, consider
the transmission of a color RGB picture in componentwise
progression order, i.e. the codestream contains first all data
related to the R, then to the G and B components. A typical
rate-distortion curve of such a codestream is shown in Fig.
2 for the BOATS image (PSNR is referred to each compo-
nent separately). It can be clearly seen that, in this case, the
codestream portions that mostly contribute to the received
quality are not placed at the beginning of the codestream, but
at the beginning of each component. As a consequence, the
M = o0 approach could be used by retransmitting packets not
in sequential order, but according to the rate-distortion infor-
mation in the ESD data structure.

F

| | | |
0.25 0.5 0.75 1.25
Rate (bpp)

igure 2: Typical rate-distortion curve of an RGB picture in

component-progressive order (the plot refers to the BOATS
image).

[10]
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