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ABSTRACT
The provision of real-time low-latency video appli-

cations (e.g., interactive video tele-conferencing) over a
wireless network is a significant research challenge. In
this paper, we propose an encoder side error-resilient
scheme (PGOP), by which we can stop the temporal
error propagation in a progressive manner such that the
constraint of encoder buffer delay can be satisfied. We
compare the refreshing capability of our scheme to the
well-known group of picture (GOP) scheme: with an
equivalent refreshing capability, the PGOP scheme out-
performs the GOP scheme in the low-latency scenario,
showing better spatial and temporal quality for both
frame-level and macroblock-level rate control modes.
Furthermore, PGOP shows a significant decoding qual-
ity gain over GOP in a simulated wideband code divi-
sion multiple access mobile network.

1 INTRODUCTION
The fundamental problem of generic wireless video

communications is the ability of compressed video data
to survive the lossy-natured mobile/wireless network.
At the compression layer, the video stream is inevitably
affected by residual transmission errors. The predic-
tion loop at the compression layer, which is originally
well devised to increase the compression efficiency, may
spread errors temporally. The conventional scheme to
safely stop the temporal error propagation is to insert an
intra-coded frame (I-frame) for a specified interval. The
I-frame does not use temporal prediction techniques and
thus it is self-contained. Hence, the I-frame is consid-
ered as the key frame, providing both the function of
”fidelity refreshing sync point” in the compression do-
main and the function of ”random access” for play-back.

However, encoding an I-frame needs many more bits
than a regular P-frame, for the same encoding qual-
ity. The excessive bits, when being transmitted through
a fixed-rate channel, may accumulate in the encoder
buffer and increase the buffer delay ( i.e., ≥ 3s). For
low-latency interactive video scenarios, the encoder de-

lay is restricted (i.e., ≤ 0.5s), which makes it difficult
for the encoder to regulate the bit rate without qual-
ity degradation. For the non-conversational real-time
applications, such as video streaming, the concern with
the buffer delay is replaced by the consideration about
the cost and the area of the on-board buffering mem-
ories. This, again, emphasizes the importance of the
proper buffer regulation.

The encoder side rate control is normally catego-
rized into two types: the frame-level rate control and the
macroblock-level (MB-level) rate control. When being
applied to the GOP, these two control modes may pro-
duce different types of quality degradation. The frame-
based rate control can preserve the spatial quality of
the I-frame but may have to skip several subsequent
P-frames to compensate for the excessive bits encoded
in the I-frame. The frame skipping is subjectively per-
ceived as ”motion jerkiness”. The MB-based rate con-
trol aims to avoid frame skipping by reducing the qual-
ity of the I-frame and thus the number of bits needed
for encoding. This is characterized as spatial quality un-
evenness. Hence, when using I-frames in low-bandwidth
low-latency scenarios, we fall into the dilemma of either
”motion jerkiness” or “uneven” spatial quality. A vari-
ety of schemes have been proposed to solve this GOP
problem [1] [2]. For example, in [1], the authors pro-
pose a frame-level rate control mechanism, by which
they gracefully adjust the frame encoding rate in or-
der to preserve the spatial quality and avoid the sudden
frame skipping. In [2], the targeted number of bits per
frame is allocated based on the distance of each P-frame
to its corresponding I-frame in the same GOP such that
they can decrease the frame skipping. However, these
GOP adapted schemes cannot simultaneously improve
both spatial and temporal quality at very low bit rates.

In a previous paper [3], we proposed an error
resilient scheme: the progressive group of picture
(PGOP), by which we can safely stop the temporal er-
ror propagation in a controllable and systematic man-
ner. In that paper, we compare our scheme to other



progressive I-frame techniques, such as adaptive intra
refreshing (AIR), random intra-MB selection, and show
that PGOP have superior performance under the same
channel error conditions.

PGOP features progressive intra/inter mode selec-
tion. Like the GOP structure, PGOP is an encoder side
error resilient tool and doesn’t need any decoder imple-
mentation information. Hence, PGOP is suitable for
heterogeneous decoding environments, e.g., the multi-
cast video scenarioes. In addtion, considering the dif-
ficulty of obtaining instant channel packet loss infor-
mation, PGOP is designed to be a preventive scheme.
Nevertheless, we may use some a priori knowledge of
the network to empirically adjust the refreshing capa-
bility of PGOP similar to what GOP does, i.e., adjust-
ing the I-frame interval. In this paper, we continue this
work by proving that PGOP is possessing an equiva-
lent error refreshing capability to that of GOP. Based
on this, we show that PGOP eases the encoding buffer
regulation with less spatial/temporal quality degrada-
tion when compared to the GOP scheme. We propose
that PGOP be used as a replacement for GOP in the
low bit rate and low latency interactive wireless video
applications.

The rest of the paper is arranged as follows. In
Section 2, we briefly summarize the PGOP scheme.
In Section 3, we analyze the refreshing capability of
PGOP and compare it to that of GOP. In Section 4, we
demonstrate that, given the same refreshing capability,
PGOP solves the GOP problems mentioned earlier, i.e.,
the temporal quality unevenness and the spatial qual-
ity degradation in the low bit-rate low-latency scenario.
Section 5 is the conclusion.

2 PROGRESSIVE GROUP OF
PICTURE

In Figure. 1, we compare three heuristic intra-MBs
allocation schemes: GOP based, row-by-row based and
column-by-column based. We realize that if we allocate
the intra-MBs on a column-by-column basis, the high-
cost intra-MBs can be more evenly distributed than the
other two schemes on the encoding scan order. Our
PGOP is thus based on the heuristic column-by-column
refreshing scheme.

However, the simple column-based refreshing
scheme cannot completely stop the error propagation.
As is illustrated in Figure 2-a, at time (T +2), two MBs
in the first column that are refreshed at time (T + 1)
use the unrefreshed area for motion prediction. Even
though this referenced unrefreshed area is being up-
dated at time (T +2), the existing errors at time (T +1)
will propagate to these two MBs. To solve this problem,
we analyze the motion vectors (which give an indica-
tion of the error propagation) and augment the regular
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Figure 1: Intra-updating distribution of different re-
freshing schemes. The encoding modes are aligned
based on the scanning (i.e., coding) order. The gray
area denotes the intra-MBs; the white area denotes the
inter MBs. R1, R2 and R3 denotes the 1st, 2nd and 3rd

row, respectively; C1, C2 and C3 denotes the 1st, 2nd

and 3rd row, respectively.
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Figure 2: Illustration of the column-based refreshing
and stride back.

column-by-column refresh process by intra-updating the
MBs affected by the residual error propagation. We call
this stride back, as is seen in Figure 2-b. We are now
able to prevent the error from spreading back across the
refreshing column and the “dirty” area (where the er-
ror might exist) can be progressively reduced until the
whole frame is completely refreshed.

We define the duration between the refreshing of
the first MB-column and the refreshing of the last MB-
column as a basic PGOP, Mb. Eq. (1) is used to calcu-
late the basic PGOP interval.

Mb = �Nc × TI

NR
�, (1)

where TI is the interval between two frames with
column refreshing; NR is the number of columns being
regularly refreshed in one frame; Nc denotes the total
number of MB-columns in one frame (e.g., for QCIF,



Nc = 11). Note that the algorithm for adjusting the
length of the basic PGOP is described in more detail
in [3].

Upon the complete reception of a basic PGOP, the
decoder can be guaranteed of a whole frame refresh.
That is, errors that might exist in the motion compen-
sation loop can be completely “refreshed” within the ba-
sic PGOP. Hence, if the channel loss happens when the
ith(0 ≤ i ≤ Nc) column is being refreshed, the refresh-
ing time (denoted as M) is bounded by Mu: M ≤Mu.
Eq. (2) shows that Mu consists of the time for refresh-
ing the rest of the frame ((Nc− i)× TI

NR
) in the current

basic PGOP plus the next basic PGOP.

Mu = � (2×Nc − i)× TI

NR
� (2)

Thus, when considering the worst case of Eq. (2),
i.e., i = 0, we have the absolute upper bound for M ,

M ≤ 2Mb (3)

Eq. (3) shows that PGOP is able to recover the com-
pressed stream from the frame loss within a maximum
bound.

In practice, we may need less time than 2Mb to
recover from a frame loss. We evaluate the realis-
tic refreshing time of PGOP by using the video se-
quences, Foreman(400 frames, QCIF), Carphone(380
frames) and Mother and Daughter(300 frames). These
sequences represent a typical real-time interactive video
communication scenario: Foreman is considered to be
the most motion intensive because it includes gestur-
ing, camera shaking and camera panning; Mother and
Daughter only consists of the gesturing and thereby rep-
resents the most static scenario; the motion intensity of
Carphone is in between that of Foreman and Mother
and Daughter because it has gesturing motion and cam-
era shaking but no camera panning. For TI = 1, NR = 1
and Nc = 11, we evaluate the time that is needed to re-
cover from every possible loss by iterating the frame loss
and the decoding process for each frame. In Figure 3,
we compare the frequency of the recovery time for these
three sequences. We notice that in spite of the differ-
ences of these three video sequences, for most of the
frames, when lost, we can recover the stream from the
impact of the loss in no later than 13 frames, which is far
less than the calculated absolute upper bound, i.e., 22
frames according to Eq. (1) and Eq. (3). Henceforth, we
denote M as the average refreshing time, e.g., M = 13
for these three sequences with the parameters: TI = 1,
NR = 1 and Nc = 11.

3 REFRESHING CAPABILITY
COMPARISON

In this section, we compare the refresh capability
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Figure 3: Refresh Time for the Loss of Each Frame

of GOP and PGOP under different lossy environments.
We assume the minimal loss unit is one frame, which is
the worst case for both GOP and PGOP. We use the
frame loss rate (θl) to characterize the error situation of
the network. First, we define a criterion to characterize
the refreshing capability. We then compare PGOP and
GOP by using this criterion.

3.1 Refresh capability criterion
We notice that the essence of the error refreshing

capability for both the PGOP and the GOP scheme is
to stop the error propagation by eliminating the inter-
frame dependency. For GOP, this is done by using the
I-frame. Each lost frame may affect all of its subsequent
frames until the next I-frame or the refreshing process
is interrupted by another frame loss (Figure 4). For
PGOP, this is done over an interval using a number of
P-frames, thus the affected area by one lost frame is
progressively reduced until the whole image is refreshed
(Figure 5) or the refreshing is interrupted by another
frame loss. We use ∆ to denote the number of error
frames, including the lost frame and all the following af-
fected frames (or affected portion of frames in the case of
PGOP) before the next lost frame. We use the frame af-
fected rate (θa), i.e., the average number of error frames
per unit of time or the frame refreshed rate (1− θa), to
evaluate the refreshing capability of these two schemes.
Obviously, given the same θl, the higher θa means more
frames (or portion of frames) are affected, or less frames
(or portion of frames) are refreshed. The average num-
ber of error frames per lost frame is denoted by E(∆),
particularly E(∆gop) for GOP and E(∆pgop) for PGOP.
Eq. (4) shows the relation among θa, θl and E(∆) .

θa = θl × E(∆) (4)

There is no denying that θa cannot directly repre-
sent the decoded video quality, which is generally con-
sidered as the ultimate goal for applying error resilience
tools. However, as we mentioned in Section 1, the de-
coded video quality inevitably involves the decoder’s
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error concealment capability and thus it cannot accu-
rately reflect the error refreshing capability provided by
the encoder. In the following discussion, we will ad-
just the GOP and the PGOP to achieve equal E(∆),
by which we may have equal frame affected rate under
the same frame loss rate (Eq. (4)). The tuning knob is
the interval between I-frames for GOP and the duration
of the basic PGOP interval for PGOP. We then discuss
the encoding quality and the decoding quality of these
two schemes.

3.2 Refresh capability of GOP and PGOP
In one GOP, we have one I-frame and a number of

P-frames, i.e., IPP..P . We ignore B-frames because B-
frames are not referenced by other types of frames. The
number of frames in one GOP is defined as N . The loss
in the motion compensation loop will not be refreshed
until the next I-frame or the refresh process is inter-
rupted by the next frame loss. In the worst situation, if
an I-frame is lost, all of the P-frames in that GOP will
be lost. (Note that we assume that no intra-MBs exist in
P-frames.) We also assume that the probability of loss
on each frame position in the GOP structure is equal,
i.e., 1

N . Now we denote the distance from the first frame
(i.e. the I-frame) of the GOP structure to the lost frame
by i, 0 ≤ i ≤ N−1. The distance from the lost frame to

the frame immediately before the next lost frame is j.
j ranges from 1 (i.e., the next lost frame is immediately
after the current lost frame) to +∞. Recall that we use
∆GOP to represent all of the frames affected by the lost
frame in the GOP scheme. In Figure 4-a, we realize
that ∆GOP increases as the distance between two lost
frames increases when two lost frames are within one
GOP (i.e., j < (N − i)). When an I-frame is between
two lost frames (i.e., j ≥ (N − i)), ∆GOP doesn’t in-
crease and it becomes a constant value (i.e., (N − i)) as
is shown in Figure 4-b. The expected value of ∆GOP is
given by Eq. (5).

E(∆GOP ) =
N−1∑

i=0

1
N
× [

N−i−1∑

j=0

θl × (1 − θl)j × (j + 1)

+
+∞∑

j=N−i

θl × (1− θl)j × (N − i)] (5)

Eq. (5) can be simplified to Eq. (6)

E(∆GOP ) =
1
θl
− 1− θl

N × θl
2 × [1− (1 − θl)N ] (6)

For the PGOP scheme, we progressively and sys-
tematically recover the stream from errors. We assume
that the errors introduced to the motion compensation
loop by the loss of different frames can be completely
refreshed upon the reception of the next M frames. We
denote the distance between two lost frames as j. The
expected number of the error frame between two lost
frames is E(∆pgop). Figure 5-a shows that the PGOP
refreshing process is interrupted by the next frame loss;
Figure 5-b shows that the decoding process is com-
pletely recovered from the impact of the frame loss be-
fore the next frame loss. Similar to Eq. (5), we have
Eq. (7) to describe the average number of error frames
that are affected by a lost frame.

E(∆pgop) =
M−2∑

j=0

θl × (1− θl)j ×
j∑

i=0

M − i

M

+
+∞∑

j=M−1

θl × (1− θl)j ×
M−2∑

i=0

M − i

M
(7)

Eq. (7) can also be simplified to Eq. (6). That is,
PGOP and GOP have an equivalent error refreshing
capability for the same frame loss rate, as long as the
I-frame interval of the GOP scheme equals the average
refreshing time (i.e., M) of PGOP. This is described in
Eq. (8).



E(∆pgop) = E(∆gop) ← (N = M) (8)

4 PERFORMANCE
Numerous experiments have been conducted to

evaluate the performance of the PGOP scheme. For
the PGOP scheme, we set TI to 1, NR to 1 and Nc to
11. Thus the duration of the basic PGOP interval is
11( Eq. (1)). We choose a moderate value 13 for M ,
which was shown in Section 2 to be suitable for most
two-way video communication scenarios. By setting the
I-frame interval of GOP to be 13, we can equalize the
error refresh capability of these two schemes (Eq. (8)
and Eq. (4)). In the following, we present the buffer-
level variation, the encoding quality and the decoding
quality. Note that for those frames that are skipped,
the nearest previous frames are interpolated in order
to calculate the impact of the frame skipping. We fix
the following parameters in all of our experiments: the
video format is QCIF; the encoding bit rate (i.e., R) is
64 kbps; the encoding frame rate (i.e., F ) is 10 frames/s;
the frame skipping margin is 80% of the encoding buffer
size; the target buffer level is half the encoding buffer
size.

Different rate control algorithms will result in dif-
ferent impacts on the encoding quality. We use the
MPEG-4 [4] standardized rate control Q2 algorithm. In
particular, we use frame-level Q2 algorithm for coarse
rate control and the MB-level Q2 algorithm for fine rate
control. Figure 6 shows the buffer-level variations and
the encoding quality for both GOP and PGOP when us-
ing the MB-level rate control mode. We can see that: 1)
the MB rate control effectively prevents the buffer from
overflowing for both PGOP and GOP; 2) the encoding
spatial quality degradation occurs every time an I-frame
is coded for the GOP scheme; 3) with PGOP, the MB-
level rate control is able to preserve a consistent spatial
quality. It is notable that, in all of our experiments, the
MB-level rate control can regulate the encoder bit rate
such that frame skipping is hardly observed for both
GOP and PGOP, even though we decrease the encoder
buffer size to as low as 0.125s. Hence, we compare these
two schemes based on the measurement of the spatial
quality unevenness and the average quality. To char-
acterize the spatial quality unevenness (i.e., Qu), we
calculate the quality difference of each frame and the
frame immediately before it. We do it iteratively, and
get the absolute difference value for each frame and then
obtain the average, as is described in Eq. (9).

Qu = [
NS−1∑

i=1

(Qi −Qi−1)]/NS (9)

where NS denotes the number of frames in the se-
quence; Qi denotes the PSNR quality of the ith frame.
The experimental results are reported in Table 1. It
can be seen that, compared to the GOP scheme, the
PGOP scheme significantly reduces the spatial quality
unevenness and increases the average PSNR.

Table 1: Average quality and quality unevenness
Qu (dB) Average PSNR (dB)

GOP PGOP Gain GOP PGOP Gain
1 1.04 0.24 0.80 31.86 32.15 0.30
2 1.17 0.28 0.89 33.29 33.76 0.48
3 1.46 0.42 1.04 37.58 38.64 1.08

1: Foreman; 2: Carphone; 3: MotherDaughter

Figure. 7 shows the buffer variation and the encod-
ing quality of GOP and PGOP with frame-level rate
control. It can be seen that: 1) the buffer occupancy
of the frame-level rate control shows more fluctuation
than that of the MB-level rate control in general; 2)
the buffer-level surge occurs periodically and thereby
a considerable amount of frames are skipped with the
GOP scheme; 3) the PGOP scheme facilitates the bit
rate regulation and thus greatly reduces the fluctuation
of the buffer level and the occurrence of buffer over-
flow. In Table 2, we show the experimental results for
the frame-level rate control. It is noted that for the
low encoder buffer delay configuration (i.e., Buffer De-
lay ≤ 0.5 s), the PGOP scheme outperforms the GOP
scheme, skipping fewer frames, therefore having better
motion continuity and achieving higher average encod-
ing quality. To decrease the number of skipped frames
for the GOP scheme, we have to increases the encoder
buffer capacity, which results in longer buffer delay and
is thereby unsuitable for real-time interactive video ser-
vices.

To compare the error resilience of PGOP and GOP,
we measure their decoding quality under six simulated
WCDMA error patterns [5]. We repeat the video Fore-
man (400 frames) to form a 3 minutes long sequence
and test the sequences with M = N = 13. Note that
the error concealment algorithm consists of simple MB
replacement, i.e., we use the corresponding MBs in the
previous frame to replace the lost MBs in the current
frame. The results are tabulated in Table 3. We no-
tice that the same decoder outputs better quality with
PGOP than with GOP in all six WCDMA simulation
environments. We believe that this difference primar-
ily stems from the fact that progressive error refreshing
provides more reliable temporal and spatial information
around the lost data and thereby facilitates the decoder
to conceal the lost data.
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Figure 6: MPEG-4 MB-based Q2 rate control. Buffer
size = 16 kbits; Encoding buffer delay = 0.25s, sequence:
Foreman.
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Figure 7: MPEG-4 frame-level Q2 rate control. Buffer
size = 32 kbits, Encoding buffer delay = 0.5s, sequence:
Foreman.

5 CONCLUSION
In this paper, we continue our past work by compar-

ing the PGOP scheme to the GOP scheme. By adjust-
ing the length of PGOP and GOP, we can equalize the
refreshing capability of these two schemes based on the
proposed criterion, i.e., frame affected rate. The exper-
imental results show that PGOP is able to help the rate
control mechanisms to meet the target bit rate more ac-
curately, skip fewer frames, encode the sequences with
higher visual quality, and maintain a lower fluctuation
in the buffer occupancy under the constraint of low
buffer delay. We also demonstrate that, with the fixed
frame affected rate, PGOP outperforms GOP in terms
of the decoding quality.

It is notable that PGOP is standard compliant and
needs no coupling between the encoder and decoder,
hence, it can facilitate any existing error control tools,
such as FEC, ARQ, and decoder side error concealment
algorithms.
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