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Quality Control for VBR Video over ATM Networks

Wenjun Luo and Magda El Zarkiyiember, IEEE

Abstract—Uncontrolled variable-bit-rate (VBR) coded video
yields consistent picture quality, but the traffic stream is very
bursty. When sent over ATM networks, cell losses may be
incurred due to limited buffer capacity at the switches; this could
cause severe picture quality degradation. Source rate control can
be implemented to generate a controlled VBR bit stream which
conforms to specified bit rate bounds and buffer constraints.
However, source rate control could result in picture quality
degradation too. Hence, for real-time video services, an impor-
tant issue to address is whether the picture quality degradation
incurred by source rate control is within acceptable levels or
how to choose the appropriate coding parameters to make it
so. In this paper, we establish quantitatively the relationship
between picture quality and source rate control for the case
of guaranteed service with different combinations of allocated
bandwidth, buffer size, and other key video-coding parameters
of MPEG-2. In addition, quality control in the context of two-

misbehavior which can affect the QoS of other connections
by detecting violations of negotiated parameter values.

In this study, we assume that all the cells conforming to
the UPC parameters are guaranteed delivery, i.e., guaranteed
service is used. Nonconforming cells are tagged, and can
be sent as best effort traffic. But the network provides no
guarantees for their delivery as no network resources are
reserved for these cells. They are discarded if the network
is congested. Therefore, our analysis in this paper assumes the
worst case scenario—all tagged cells are not available at the
receiver (i.e., they are all lost).

Uncontrolled variable bit-rate (VBR) coded video bit
streams exhibit dramatic long- and short-term bit-rate
variations [3], [4]. Moreover, the bit-rate requirement can

layered scalable video service (basic and enhanced quality) ischange dramatically during the transmission due to other
also considered. Our study reveals that, in order to maximize factors, e.g., the end user Changes the qua”ty requirement
both the basic and the enhanced quality, source rate control (i.e., resolution, frame rate, etc.). A static CAC/UPC cannot

should be implemented on both layers. The relationships between fficientl d h L in bi Studi
the two types of quality and different combinations of allocated efficiently accommodate such variations in bit rate. Studies

bandwidths, buffer sizes, and some key coding parameters are [5], [6] have shown that a well-designed dynamic resource
also established quantitatively for MPEG-2 SNR scalability. renegotiation scheme can match the bit-rate variation, and

hence maintain a high level of video quality and good
bandwidth utilization.
However, renegotiation is not a deterministic process; rene-
gotiation delay may be incurred or the request may be rejected.
ETWORKS based on asynchronous transfer mo@eetween two ;uccessful renegotiation events, the UPC pa-
(ATM) [1] are able to support variable-bit-rate (VBR)ram_eters are fl_xed, and the source hgs to conform_to what is
sources. However, because of limited buffer capacities at tﬂ\éa'lable' I_n this paper, we study th_e |mpact of traffic control
switches, very bursty traffic sources may cause congestion, &y VBR Vvideo transmission, and identify the strategy that

hence buffer overflow, when multiple connections transmit C11€Ves the best quality service given the allocated resource

peak rate simultaneously. In order to avoid such congestig@nstraints. o
traffic control is implemented in ATM networks [1], [2]. We first shqw that uncon'.[rolled.VBR cod_ed V|o_leo is very
Traffic control in ATM networks mainly incorporates twoPUrsty: For high-end real-time video services, in order to
functions: connection admission control (CAC) and usaghieve low cell tagging rates<10), either nearly peak-
parameter control (UPC). CAC is implemented during the cdft€ bandwidth or impracticably large buffers need to be
setup procedure to ensure that the admission of a call V\;mse.rved. If high bandwidth utilization and small buffer size are
not jeopardize the quality of service (QoS) of the existinbequ'red and netV\_/ork resources are rese_rvgd accordingly, the
connections. If the connection is admitted, a service contrdgpultant cell tagging rate will exceed the li#t10~") under
is established specifying the amount of resources resery¥dgich error concealment techniques can effectively conceal the
according to the source traffic descriptor and the required Qdrors. In other words, the picture quality will still be very poor
The service contract also specifies the traffic behavior to whigMen if error concealment techniques have been applied [7].
the input bit stream should conform in order to achieve the Therefore, certain actions need to be taken at the source
desired QoS. UPC is performed during a connection’s lifetin{@ control the burstiness of the VBR video traffic before it is
to monitor the input traffic. Its main purpose is to protedfPut to the network. There are typically two ways in which
network resources from malicious as well as unintentionin® can do this: 1) simple traffic smoothing by buffering a
certain number of frames at a time, and then sending them at

Manuscript received May 1, 1996; revised September 30, 1996. This wotme average rate of those frames and 2) C(_)ntm”mg the COdlng
was supported by the National Science Foundation under Grant NCR@rocedure to generate a controlled VBR bit stream so that the
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The first approach introduces buffering delay. For real-time I,
interactive video services, the smoothing period needs to be 1ot Fr .t )
small as the maximum tolerable end-to-end delay can be at  Tihffe—> Policed
most 10-15 frames [8]. A previous study [9] has shown that ‘ ;
for uncontrolled VBR video traffic, the first approach does B,
not yield any substantial gain when the smoothing period is Input Buffer B
limited to be less than 15 frames. B=B+B, L, L

In this paper, we investigate the second approach in more Token Buffer
detail. Generally, source rate control will cause picture quality R l

degradation. Hence, the important issue is whether the pictige ;
quality degradation incurred by source rate control is within
acceptable levels or how to dimension the coding parameters,to )
make it so. Based on the MPEG-2 [10] Test Model 5 (TM5)" ATM Traffic Control Model

[11] source rate control scheme, we establish quantitativelyl) UPC Function and Traffic MonitoringThe UPC func-

the relationship between the video sequence’s picture quali§n is implemented to control the input traffic according to the
and rate control with different combinations of allocategervice contract. The essential function of the UPC mechanism

bandwidth, buffer size, and other key coding parameters figr to separate conforming cells from nonconforming cells.
MPEG-2 video. We chose to implement this function using the leaky-bucket

One of MPEG-2 video’s major extensions over MPEG-gcheme, which has been shown to be superior to other policing
is the addition of scalability, its purpose being to suppofichemes such as the moving window and the jumping window
applications beyond that supported by single-layer video. ORe2]. We also assume a certain adaptation layer between the
such application involves the provision of several differetideo source and the ATM network which packetizes bits into
qualities of service to accommodate various classes of us@glls with 47 bytes of payload.

A two-layered source coding scheme generates a base layefhe generic leaky-bucket model we consider (see Fig. 1)
which contains the basic video information. This layer cagPnsists of an input buffer of siz8; and a token buffer of
be solely decoded to provide a basic quality of service. TisZe Br. The input buffer is used to smooth the traffic before
residual information is coded as an enhancement layer so tfifai§ sent into the network. The token buffer is used to monitor
when received and added to the base layer, the enhanced vidled police the input traffic. The basic working mechanism is
quality can be obtained. described as follows.

We extend our study in this paper to the quality control At the beginning of thenth frame period, the real-time
issue for the two-layered scalable video service. The base lay#leo source (video server sending stored video sequences in
is critical for the reconstruction of both qualities, and hend&al time or real-time encoder) placé$ cells (the number
needs to be source rate controlled to avoid substantial ceficells for thenth frame) into the input buffer. During this
tagging. We show in this paper that the enhancement lajegme period, a certain number of cells (designated,gsare
has a profound impact on both the basic and the enhandalgen out of the input buffer and sent to the network with a
quality, and that when source rate controlled too, produces ti@e equal taS,, /T, whereT’ is the frame period. The input
best results. The relationships between the two types of quakyffer occupancy at the end of th¢h frame period is denoted
and different combinations of allocated bandwidths, buff&s I, and can be expressed as
sizes, and other key coding parameters are also established I, = max{0,I,_y + F, — 5, }. 1)
guantitatively for MPEG-2 SNR scalable video.

ATM traffic control diagram based on the leaky-bucket algorithm.

The token buffer is drained at a constant leak rate. We

This haper |s.organ|zed as follgws. In Sgctlon Il, we Shc’\genote the number of tokens leaked out in fhigeriod to
how VBR video is affected by traffic control in ATM networks. .
be R. Each cell sent from the input buffer attempts to add a

We then analyze the source rate control scheme in detalil, anfl. into the token buffer. and the cell is allowed to pass

present results of its performance for single-layer MPEGT?the token buffer is not full. If the token buffer is full, the

video in Section lll. In Section IV, we extend the quality . . . :

. . arriving cell is designated as nonconforming. The token buffer

control issue for MPEG-2 SNR scalable video. A summary IS .

. . : occupancy afters,, cells are sent out is denoted &g, and
given in Section V.

can be expressed as
Il. IMPACT OF TRAFFIC CONTROL ON L, =max{0,L,—1 — R+ S,}. (2)

UNCONTROLLED VBR MPEG-2 MDEO The conforming cells can be deterministically guaranteed
In this section, we show the impact that traffic control has afelivery by allocating bandwidth equal #®/7° and reserving

uncontrolled VBR coded MPEG-2 video. An overview of theyuffer space at each ATM switch of size equal to the token
ATM traffic control model based on the leaky bucket schemguffer. When network congestion occurs, the network buffer
is briefly described in Section II-A. In Section II-B, we firstis able to accommodate the conforming cells since the token-
obtain values for network resources that need to be reservesking mechanism ensures that the buffer will not overflow.
such that there are no cells tagged. We then demonstrate f@wvtain tradeoffs can be made between bandwidth and buffer,
the video quality is affected if bandwidth allocation equal the., by allocating more bandwidth, less buffer needs to be
average source rate and small buffer sizes is enforced.  reserved at the switches [13].
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2) Traffic Descriptors: An important part of a CAC func- TABLE |
tion is to find out how much network resources (in terms AVERAGE NUMBER OF CELLS PER FRAME
of By, and R) are required based upon the source traffic
descriptors and QoS requirement of the service. In this section,
we illustrate the relationship betweeli,, R and the three
standard source traffic descriptors defined in [2]. The three
descriptors defined for VBR services are: 1) the sustained cell

(N,M) (L,1) | (A2,1) | (12,2) | (12,3)

Indiana 390 287 227 219
Jones

TheLarry | 343 | 176 | 168 | 166

rate Ascr; 2) the peak cell ratépcg; and 3) the maximum King Show
burst size (MBS).

The relationship betweenscr and R is straightforward: 1.20x10* —————————11—1——1——1—
Ascr = R/T. MBS is the maximum number of cells the 1.05x10% Indiana Jones ]
source can send at peak rate, and is equélfe- R. The peak ~ 9.0x10° (NM)=(12.2) ]
cell rate is equal to the maximum rate at which the source can B 7507 | gmfgg?g ]
send out cells, and can be assigned tqddS)/T. g son10? | (N My=(1.1) 1
B. Network Resource Requirements of MPEG Video E 4.5x10% | ]

In this section, we use trace information from prerecorded @ 3.0x10° r ]
video sequences with the objective to quantify the order of 1.5x10° | .
magnitude of the resource requirements for an uncontrolled 0 Lo o i 0 -

. . . . ) 1.0 111213141516 1.7 1.8 1.9 2.0
VBR coded video stream, i.e., given a particular bandwidth Normalized Bandwidth Allocation 6
allocation, how much buffer size is needed, or given a buffer N .
F % 2. B-R relationship forlndiana Jones.

size, how much bandwidth is needed, such that no cells ar

tagged by the UPC mechanism.

1) Computing the Resource Requiremerfst, let us e N = 12 and M = 1: Both I and P frames
look at the constraints imposed by the requirement that the are used with 11P frames between twal frames
token buffer never overflows. From (2), during thth frame (IPPPPPPPPPPPI.-.).
period, the maximum number of cells that can be sent to the® V' = 12 and M = 2,3: B frames are also
network should conform to used with, respectively, one, twoB frames

S, <BL+R—1L,_,. 3) between two consecutiveP frames or between

I and P frames (IBPBPBPBPBPBI--- or
For the input buffer, the condition for the prevention of buffer IBBPBBPBBPBBI --.).

overflow can be expressed as The quantization scale is fixed at four for all the coded

F,<Br+58,—-1,_1. (4) sequences.
In our simulations, we letkR change from the average
number of cells per frame for the sequence to the peak number
Fo <(Br+Br) + R = (Ln-1 + In1). (3)  of cells per frame, then for eaddvalue, we find the minimum
The similarity among (3)—(5) indicates that we can view3 value necessary to prevent cell tagging.
the two-buffer model as a single virtual buffer with capacity We define a normalized bandwidth allocation measurement
B = Br + By, output of R cells per frame period, andvariable® asR/~, where is the average number of cells per
occupancy ofL,, + I,, in the nth frame period. By preventing frame obtained from the trace. #fis equal to one, it is ideal
this virtual buffer from overflowing, we can ensure that neithesince the bandwidth utilization is the highest. The larger the
the token buffer nor the input buffer will overflow. A detailedd, the lower the bandwidth utilization.
analysis can be found in [14]. In Figs. 2 and 3, we show the relationship betwéemd B,
Therefore, given the trace information abaklif and an respectively, for two clips: one taken from the mouigliana
allocated bandwidtR/T, we can always find the minimum Jones and the other one from the TV talk sholihe Larry
requiredB by ensuring that (5) is met for every frame in the&king Show.The first clip consists of a series of consecutive
sequence so that neither buffer overflows at any moment. high-motion scenes; this is typical of a high-action movie.
2) Simulation Resultsin this section, we present thie-R Each scene lasts for about 2-5 s. The second one is similar to
relationship to guarantee that no cells are tagged for twovideoconference-type sequence with a single person talking
video sequences coded with different combinations of codia@d a fixed background. Both clips are 30-s long, which is
parametersV and M. N is the intra-coded!) frame to thel  sufficient for the period between two successful bandwidth
frame distance; hence, there ave-1 predictive-codedP) or  renegotiation events [6]. The resolution of the sequences used
bidirectional-coded B) frames between twd frames.M is s 512 x 480 pixels. They values for the two sequences coded
the P-to-P distance (hence, there ai¢—1 B frames between with different combinations of NV, M) are listed in Table I.
two P frames). The following NV, M) combinations are used The first observation we can make is that there are some
in the simulation. differences between the variodsV, M) combinations. The
« N =1andM = 1: The sequences use onlyframes /P sequencéN = 12, M = 1) appears to be the most bursty
amr ... in terms of buffer requirement given the same normalized

Combining (3) and (4), we obtain the upper bound fras
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2-0X103'T"I‘I‘I'I'I'I'T'I" IXIO_IE T T T T T T
1.8x103 The Larry King Show . 2 t
1.6x10° . & 1102
_ 3 (N,M)=(12,2) ] 2 1107
Z Laxio (NM)=(12,3) n £
8 12103 (NM=(12,1) . & 3 (NM=(12.)
v 3 (NM)=(1,1) 1 € 1x103 (N,M)=(12,1)
21.0x10 1 = 3 (N,M)=(12,7)
2 axio? ] CHE: (N,M)Z(IZS)ﬁﬂ
2 1 b
£ 6x10 . S 1x10% | |
A 4x10? . 8 ; '
2x102 . <
q " 1 n 1 a 1
) I WU Y R R
O O TT 1213 141516 L7 18 19 2.0 0 3x10* 6x10®  9x10%  1.2x10°
Normalized Bandwidth Allocation 6 Buffer Size (Cells)
Fig. 3. B-It relationship forThe Larry King Show. Fig. 4. Average cell tagging rate versus buffer size.
bandwidth allocation. The puré (N = M = 1) sequence x0' ——
is the least bursty, and the/ P/B sequences lie in between. © E
This can be explained in terms of the different coding modes & [
used. When the sequence contains long periods of high activity %Z 1x1072 |
(e.g., continuous high motion and/or many scene changes), the £l :
P coding mode does not work very efficiently. The motion = (NM)=(12,2
is either too high or there are too many new elements in Y 03 L (N.M)=(12.3
. o : s 3 (N,M)=(12,1
the current frame. This results in high bit rates even though g (NMy=(1.1 ]
the P mode is used. On the other hand, tBecoding mode - [ ]
compensates for this inefficiency by referring to both previous ST s P S T S R S S
1.0 t1 12 13 14 1.5 1.6 1.7 1.8

and future frames. Hence, the P/B mixed mode is more
effective during periods of high activity. For thé only . _ _
sequence, no prediction mode is used in the coding; hence, FigeD- Average cell tagging rate versus bandwidth allocation.
overall average bit rate is much higher than the other two cases.

The higher average rate results in a lower buffer requirement.The above results indicate that controlling the VBR video
However, no matter what the values df and M are, if {traffic’s burstiness is necessary if: 1) we want to restrictihe

we restrict the buffer size to be small, the requifeds much andX to achieve high bandwidth utilization or 2) only certain

higher than the average source rate. This results in inefficidatand &2 are available.
bandwidth utilization. On the other hand, if we want a high M
bandwidth utilization, the buffer requirement is impracticably

high. Generally, we want the buffers to be small so as to ) )
control the variance in the cell transfer delay. In particular, SOUrce rate control is used to control the coding proce-
for real-time services, if the delay exceeds a certain threshoq{!‘r',re of real-ime encoding, or the readaptation procedure of

a decoder regards the delayed cells as lost. So it is desirdpigrecorded sequences, such that the generated video traffic
to restrict the buffer size to be small. fits within the B and R constraint specified in (5) so as to

We also note some differences between the two vid&sarantee that the buffers never overflow. This section focuses
sequencedndiana Jonesappears to be much more bursty a8" the rate.control for real-time_ encoding. There are also
the buffer requirement is much larger. This is because tggveral studies on the readaptation of prerecorded sequences

sequence contains a lot of motion and many scene chandé?]_[”]-

Unless explicitly specified, the results in the remainder of the SOUrce rate control could result in picture quality degrada-
paper are based on thiediana Jonessequence. tion. Hence, the important issue is how to dimensigrand

In Fig. 4, we present the cell tagging rate verggisvhen R to ensure that the picture quality degradation is within the
R is fixed to be the average number of cells per frame. fesired quality level. We need to establish quantitatively the
Fig. 5, we present the cell tagging rate verdtisvhen B is relationship between picture quality and source rate control in

fixed to be equal to the peak number of cells per frame ffder to assess its performance and justify its use.

the sequence. The results reveal that, under the above smalf Section IlI-A, we briefly look into the problem of how
B and R conditions, the cell tagging rate is on the order dp do source rate control to prevent buffer misbehavior. Then
(10-3-10—2). Similar results were also presented in [12]. onih Section 11I-B, we show the impact of source rate control

may implement error concealment techniques at the decodePfbvideo quality quantitatively by means of simulation results

reconstruct the corresponding lost components in the pictdf& different B and Rk values.

by interpolation in various ways. However, our earlier study on i

error concealment [7] showed that it can improve performanfe Source Rate Control Algorithm

only when the cell loss rate (CLR) is lower than=P0 This 1) Basic Concept:A real-time source rate control scheme
would require largeB and/or R to be assigned. should achieve efficient use of the buffer capacity to maximize

Normalized Bandwidth Allocation 6

. SOURCE RATE CONTROL AND THE
IMPACT ON VBR VIDEO QUALITY
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the picture quality (hence reduce picture quality degradatiominimum mean square error. But one of the appealing features
and to prevent the buffer from overflowing. of the TM5 scheme is its relative simplicity.

In the MPEG-2 Test Model 5 (TM5) [11], a real-time 3) Frame Level Bit Rate ControlOnce we have obtained
source rate control algorithm is described. It consists dfe target number of bits for the current frame, we need
three steps which can essentially be decomposed into ttocontrol the coding procedure to achieve this target. The
phases: 1) bit allocation for each frame at the sequentM5 algorithm attempts to adjust bit allocation if there is
level and 2) bit-rate control for each frame to achieve the significant difference between the number of target bits
target bit allocation obtained in phase 1. The scheme offergaaticipated bits) and the number of actual coded bits for a
dramatic improvement to the simulation model (SM) methaghacroblock, and then recomputes the macroblock quantization
used for MPEG-1 due to more sophisticated preanalysis aiadtor according to the activity of the block against the
postanalysis routines while maintaining simplicity. There amormalized activity of the frame. The effect of this approach
still several known limitations. An important one is that iris to roughly assign a constant number of bits per macroblock.
the first phase, there is no mechanism to avoid the buffer fromNote that there is still room for improvement. For example,
overflowing, which is one of the essential functions of a souresmme macroblocks are visually more important than others,
rate control scheme. In Sections 111-A2) and IlI-A3), we briefyand hence we could allocate bits among the macroblocks
analyze the TM5 source rate control scheme and present wagsording to their visual importance based on certain human
to amend it. visual system (HVS) models [20]. The resulting picture quality

2) Sequence Level Bit Allocatiorifthe primary function of can be perceptually more uniform. However, the tradeoff
this phase is to efficiently allocate bits among the frames sulbhtween performance and complexity needs to be taken into
that the buffer will never overflow and picture quality is asonsideration when devising such an algorithm. For simplicity
uniform as possible. and conformance with the public domain encoder model [21],

In the TM5 source rate control scheme, the bit allocatione decided to conform with the TM5 algorithm for this phase
is based on the frame complexity, coding mddeP or B) of the process in our simulations.
for the current frame, and the remaining number of frames in ) .
the group of pictures (GoPJ. pictures are generally assigned- Impact of Source Rate Control on Picture Quality
the most bits.B pictures are generally assigned the least bits Source rate control introduces picture quality degradation.
since the information is not used by other framgsframes Therefore, an important issue is whether the resultant picture
are generally assigned more bits tharirames and fewer bits quality degradation can stay within acceptable levels given
than I frames. Frame target setting then allocates target bitsrtain B and R or how to choose appropriatB and R to
for a frame based on the frame complexity and the remainingake it so. To study this, we looked into the following three
number of frames in the GoP. scenarios.

As we mentioned above, it is possible that the TM5 algo- In the first scenario, we fixed the allocated bandwii7",
rithm will result in an F,, that is larger than the upper boundand let B vary within a reasonable range. This allows us to
calculated in (5). Unless we decreas8g, the input buffer will determine the relationship between picture quality Zndhe
overflow even when we send the largest possible numberiwfpact of B is important because large® generally means
cells that meets the upper bound in (3) to prevent the tokkigher allowed burstiness, and hence is supposed to increase
buffer from overflowing. the picture quality uniformity.

To maintain uniform picture quality as much as possible, In the second scenario, we fixand letR vary. This enables
we should allow for as much variation as possible in the hiis to determine the relationship betwe@mand picture quality.
allocation scheme. When this situation occurs, the fewer bilse impact of R on picture quality is complex because the
we decrease by, the higher the picture quality that can higher the R, the higher the average picture quality in the
maintained. video sequence, but the smaller the room for bit-rate variation.

Setting F,, to be the upper bound in (5) when overflowThat may, in turn, affect the picture quality uniformity of the
would occur means the smallest degradation in the currestieo sequence.
frame, but the subsequent frames will have fewer bits avail-Finally, in the third scenario, we leB and R vary simul-
able. However, the frames that incur potential buffer overflotneously and proportionally; this allows us to observe the
are generallyl frames according to the TM5 algorithm; theoverall impact of varying bottB and R on the picture quality
subsequent frames are either or B frames, which get a given a fixed maximum buffering delay.
much lower bit rate allocation by the TM5 algorithm anyway. In our simulations, we used thrgeV, M) combinations:
Therefore, in our simulation, we always 9ét to be theupper 1) N = 1andM = 1,2) N = 12 andM = 1, and 3)
bound in (5) whenever potential overflow might happen. N =12 andM = 2. We adopted three metrics to measure the

It is to be noted that the upper bound in (5) is determinegliality of a video sequence: average peak signal-to-noise ratio
only by B and R. Hence, the encoder only needs to know thPSNR), PSNR standard deviation), and a grade point (GP)
total buffer sizeB and bit rateR to do source rate control, generated by an objective video quality assessment system [22]
regardless of howB is divided into By, and By. based on the HVS (by comparing the decompressed video

The scheme used in TM5 is certainly not the only way to deequence with the original video sequence in both the spatial
bit allocation. For example, a bit allocation scheme based and temporal domains). The average PSNR is used to measure
the Viterbi algorithm is proposed in [18] and [19] to achievéhe general coding quality of a video sequence (tliedicates
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TABLE I 1.9
QuALITY OF UNCONTROLLED VBR CODED SEQUENCES

(N.M) c (dB) PSNR (dB) | Grade Point

(1,1 0.99 39.26 4.65

~ 16}
(12,1 091 39.30 4.69 g |
(12,2) 0.92 39.32 4.69 o L5F

1.3

T

12 o0t 600 e, 1y
0708091.01.1121314151.61.71.81.92.0
R/Ryvpr

Fig. 8. o versus bit rate.

the picture quality; all three metrics do not vary too much as

B increases. This is due to the fact that the average rate over

a GoP (hence, eachframe) is controlled to be close # in

the sequence level bit allocation.

o 10 20 - 30 a0 b) Contrary to the purel sequence, the impact aB
Normalized Buffer Size (B/Rypg) is more obvious for thel/P sequence, especially in the

region of 0 < B < Ryvpr. For thel/P/B sequence, the

impact of B is even more substantial in the same region.

‘ i This can be explained again by the different coding modes.

L - Jas Picture quality degradation mainly happens in the high-activity

- '%N,Mﬂz,} 4:5@ periods, during which the bit rate has to be cut in order
y NM=12,174.3 6 to prevent buffer misbehaviod /P sequences still have the

Fig. 6. o versus buffer size.

i 1418 tendency to generate high bit rates during these periods due
39.2 } + { 4.0 to the inefficiency of the? mode in the high-activity scenes.
& 100 Hence, a larger buffer can only allow more bits for the first
3 several frames at the start of the high-activity periods. The
% 288 buffer saturates very soon, and then the following frames are
A enforced to generate fewer bits than necessary to keep constant

w
o
(=)

0 320 E 2.0 quality. For thel /P/B sequence, as the bidirectional coding
Normalized Buffer Size (B/R;ygr) mode can generally bring down the bit rate effectively, the
larger B can be utilized by the/ and P coded frames to
generate more bits to keep a high picture quality.
¢) The increase in quality is limited for both/F and
/B sequences aftdd becomes larger thaRyvpg. Actu-

, we observe that when the value Bfexceeds3Ryvgrg,
encoding procedure that decreases the bit allocdtipn

<

Fig. 7. PSNR and grade point versus buffer size.

the degree of variation in picture quality in the video sequence, ,,
and the grade point reflects the overall viewing quality |
perceived by a human being. The grade point ranges betw?ﬁ

1.0 and 5.0, with 5.0 meaning excellent quality, 4.0 meaning. ., < very rarely. This is again due to the fact that the TM5
good quality, 3.0 meaning acceptable quality, 2.0 meaning bag|,ce rate control enforces the average rate conformance over
quality, and 1.0 meaning absolutely unacceptable quality. 5 Gop period. The sequence level bit allocation automatically

In order to compare the performance of source raté contiglyers the frame bit rate when the high-activity period spans
with that of uncontrolled VBR coding (quantized with fix€ll e than one GoP. This indicates that the TM5 scheme can
of 4), we list in Table Il the quality of the uncontrolled VBRpe fyrther amended by incorporating the impactf The
coded sequences using differ¢d{, M) combinations. GoP level conformance is not necessary as long as we can

1) Scenario 1:In this scenario, we study the impact Bf ansure that the buffer does not overflow.
on the picture quality given a fixe&. In our simulations, we  2) Scenario 2: In this scenario, we fix3, and let the target
let R be Ryvegr, the average number of cells per frame of thgjt rate R vary over the range from 0.75 to 2 timé&ver
uncontrolled VBR coded sequences (listed in Table I). Bne to study the impact ofR on picture quality. We choose the
value changes from zero to four timé&;vsr. value of B to be 3Ryver, which limits the buffer delay for

In Fig. 6, we present the results. The lower half of Fig. 7 interactive video services.
shows the PSNR results, and the upper part shows the gradmn Fig. 8, we present the results. The lower half of Fig. 9
point results. The buffer size is normalized B;ver. We shows the PSNR results, and the upper part shows the grade
can make the following observations. point results. We can make the following observations.

a) For a purel sequencd N = M = 1; there is only a) For the purel sequence, the improvement in quality

one frame in each GoPB does not have too much effect ons substantial in contrast to the first scenario.
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Fig. 9. PSNR and grade point versus bit rate. Fig. 10. o versus bit rate and buffer.

b) For thel/P sequence, we notice an interesting phe-
nomenon for the behavior af: there is a cutoff point before
which it does not decrease substantially. Two things are
happening at the encoder as we increagefirst, a larger
target bit rate may introduce a larger bit-rate variation as
everything is scaled up, but with a fixeB, the buffer's

41.0 e 40

ability to accommodate bursts is relatively small. This can have @40-0
an adverse impact on the even though the average PSNR g 39.0
increases. Second, since the allocated bandwidth is equal to the £ 38.0
target bit rate, increasing means that we can accommodate 37.0

more long bursts caused by high-activity scenes. This tends 0.70.80.91.01.1 ‘-i};"‘“j"6‘7’-8'-92-0
to increase the picture quality for the long burst periods, and UVBR
hence reduce the picture quality deviation. Fig. 11. PSNR and grade point versus bit rate and buffer.

From the figure, we conclude that the first offsets much of
the effect of the second until the bit-rate variation no longémpact of varying both3 and R on the picture quality. Again,
increases substantially wit®, and then the impact of the we choose the value @ to be3R, which limits the buffering
larger R on the reduction of the long bursts becomes dominasiglay. R ranges from 0.75 to 2 times the value Bfvsr.
After that cutoff point, thec goes down steadily a® is In Fig. 10, we present the results. The lower half of
increased. Fig. 11 shows the PSNR results, and the upper part shows

For the I/P/B sequence, the cutoff effect far is less the grade points.
obvious. This is primarily due to the coding efficiency of ForI sequences, the results are almost the same as those of
the B mode during times of high-activity periods. The highethe second scenario @sis the dominant force for this kind of
allocated bandwidth can then be fully utilized for thend P~ Sequence. Faf/P andl/P/B sequences, the results of PSNR
frames in the long bursts to improve their picture quality. and grade point are also very similar to those of Scenario 2.
c) For both thel /P and1/P/B sequences, PSNR andlhe o also goes steadily down as exp(_acted since the buffer
grade point increase steadily with, showing that the target Constraint is eliminated as compared with Scenario 2.

bit rate plays a dominant role in the average picture quality AS can be seen from the three scenarios outlined here,
of a video sequence. although allocated bandwidth plays an important role, the

d) For I/P and I/P/B sequences, although the is impact of source rate cor_1tro| on the _picture quality of a yideo
always larger than that of the uncontrolled VBR coding, the€duence is a complex issue, and is also related to different
PSNR values are close to those of the uncontrolled VBR code@@ing options. Hence, the user should take into consideration
sequences (with average rateRifyr ) in the region between all of the fact(_)rs _tq make_the proper choice of parameters that
R = 1.1Ruypr and R = 1.2Ryver. This basically means matches the individual situation the best.
that with a small increase in the bit rate, the average quality of
a controlled VBR sequence is close to that of the uncontrolléd. QUALITY CONTROL FORSCALABLE VIDEO TRANSMISSION
VBR sequence. It is to be noted that if that same increase inOne of MPEG-2 video’'s major extensions over MPEG-
bandwidth were allocated to the transmission of the uncon-is the addition of scalability. It is designed to support
trolled VBR sequence, the resultant cell tagging rates woughplications beyond that supported by single-layer video such
still be very high (see Figs. 4 and 5). Fbrsequences, how- as: accommodating different classes of users, interworking
ever, a much higher increase in bit rate is required to achieyk different video standards, video service hierarchies with
the same average quality of the uncontrolled VBR sequenaewultiple spatial, temporal and quality resolutions, etc.

3) Scenario 3:Finally, in this scenario, we leB and R In this paper, we focus on a scalable scheme based on two
vary simultaneously and proportionally to observe the overddlyers only. As for our earlier study on single-layer video
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BL Note that since MPEG-2 only specifies the standard de-
—( DCT QpL A VLC coding procedure (as illustrated in Fig. 12), it is possible to
EL confine the coding loop only to the base layer, i.e., the motion-

VLC compensated coding is based on only the base layer to prevent

drift errors for the basic quality service. However, when the
allocated bit rate of the base layer is small, this will cause a
serious drift problem for the enhanced quality service as the
MPEG-2 standard mandates that its decoding loop be based
upon both layers. We chose to base our study on the approach
that uses both layers at the encoder so that we can maintain a
high quality for the enhanced quality service no matter what
bit rate is used for the base layer.

if only the basic
quality is wanted

FM: Frame Memory B. Difference in the Impact of the Base and the
MC: Motion Compensation Enhancement Layers on Video Quality
Fig. 12. Encoder and decoder diagram for MPEG-2 SNR scalability. For SNR scalability, the base layer provides the basic quality

service. When the decoder only receives the base layer bit

transmission, we assume the use of a guaranteed serviceStggam, it treats it as a single-layer bit stream to reconstitute
the delivery of UPC conforming cells of both layers and thdhe video sequence with the basic quality. The enhancement
all tagged cells are lost. Below, we discuss some interestit@yer is used to enhance the video quality. When both layers

issues related to the provision of scalable video services. are present at the decoder, an enhanced quality video service
is obtained.

) ) The different coding methodologies and information content

A. Basic Concepts Related to Scalable Video Coding of the two layers make the impact that the base layer and the

Although a simple solution to scalable video is to producenhancement layer each have on the basic and the enhanced
multiple independently coded streams of video, a more effildeo quality very different. In this section, we look at their
cient alternative is scalable coding. In scalable coding, a giveiiference from the perspective of video quality control for
reproduction of video is partially reutilized in the coding oboth the basic and enhanced quality services.
the next reproduction of video. The four basic scalabilities The base layer contains the basic video information neces-
defined in MPEG-2 are: data partitioning, SNR scalabilitygary for the reconstruction of both the basic and enhanced
spatial scalability, and temporal scalability. For example, twaideo quality. Furthermore, in order to reduce the coding
layered SNR scalability generates two video layers of tlwverhead, certain critical information such as the motion vector
same spatial resolution, but with different video qualities. THeformation is only put into the base layer. Both the basic and
base layer is coded typically using a larger quantization scdle enhanced video quality services are vulnerable to the cell
to generate the roughly quantized picture, and thus providesses in the base layer. If base layer cell loss occurs, the
the basic video quality service. The residual error, which enhancement layer cells may be useless even when there is no
typically coded with a smaller guantization scale, results inss in this layer. This means that implementing source rate
the enhancement layer. When added back to the base lagentrol on the base layer is necessary so as to control the cell
it regenerates a higher quality reproduction of the input viddasses.
sequence, and hence provides an enhanced quality service. The enhancement layer contains the residual error signal

Fig. 12 shows the basic coding/decoding scheme for SNietween the base layer and the original video information.
scalability. The base layer's encoding procedure is identicBihe question is whether or not source rate control should be
to that of a single-layer video. The quantized discrete cosiimeplemented for this layer.
transform (DCT) coefficients from the base layer are inversely If the enhancement layer is coded as controlled VBR to con-
guantized and then subtracted from the unquantized D@m to the allocated network resources for this layer, picture
coefficients. The residual quantization error is then quantizgdality degradation can result due to a less efficient encoding
with Qgy, to produce the enhancement layer. In this papesrocedure. This is because motion-compensated encoding is
we will study SNR scalability. based on frames reconstructed from both layers. Source rate

A very important feature of SNR scalability is that thecontrol results in the loss of some information. Therefore,
motion-compensated encoding (féY and B frames) is gen- when comparing the current frame to the reconstructed pre-
erally based on the reference frame reconstructed from beibus frame at the encoder for motion-compensated encoding,
layers to ensure the correct decoding for the enhanced quaditiarger error signal is produced that requires a larger number
service. However, for the basic quality service, the motiomf bits for encoding. Source rate control reduces this number of
compensated decoding of the base layer is based solelyhits by reducing the quality (using a higher quantization step).
the reference frame reconstructed from the base layer (3é@s results in picture quality degradation for both the basic
Fig. 12). This results in so-calledrift errors, and has a and the enhanced quality services in the encoding procedure.
profound impact on both the basic and the enhanced qualityHence, for the basic quality service, if the enhancement
services. layer is coded as uncontrolled VBR, there may be less picture
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Fig. 13. Scalable video transmission model.

quality degradation incurred by the encoding process. How- i ’ ’ B
ever, compared with the controlled VBR-coded enhancement

layer, the drift error we mentioned in Section IV-A is largefid- 14. o versusg.

since there is more information in the uncontrolled VBR-coded

enhancement layer, and hence the drift caused by excluding [NM=T22ELIlCVBRL . 7 T T 50
this part of the information from the decoding loop is worse. [N-M=12.2E 46 @
For the enhanced quality service, if the enhancement layer i 14 g
. . o 142 %
is codeq as uncontrolled VBR, a _h!gher quf'illty image may i NM=12,1 EL.CVBR ]38 &
be obtained due to the more efficient motion-compensated N.M=12.1.EL-UVBR |  —
encoding. But some cells of the enhancement layer could be 39.0 K= Eever o =—==— 34
tagged since itis not rate controlled to fit within the guaranteed o30 [N-M=12.2.EL-UVBR =
service parameters. Should cell losses occur, the video quality Z 3¢ [ ]
will be degraded. If this layer is coded as controlled VBR, ;z‘ gi.(o) - M=12.1 EL-CVBR 1
there will be no quality degradation due to potential cell losses, 2 7't NM=1.1 N,M=12,1 EL-UVBR ]
but picture quality is reduced due to less efficient encoding. B | S R R T T
3203704 05 06 07 08 09 1.0

Therefore, it is not a clear choice whether or not to im- ' ' B
plement source rate control for the enhancement layer. In the
next section, we will compare these two different approachd#d- 15. PSNR and grade point versds
and show how they affect the basic and the enhanced quality
services. Note that, as mentioned earlier, we always assumé) Basic Quality: Since we implement source rate control
worst case scenario, i.e., all tagged cells are lost (as we hawvethe base layer and use guaranteed service for its transmis-

no way of knowing what the CLR will be). sion, we assume that the quality of the reconstructed sequence
at the receiver is identical to that at the output of the encoding
C. Quality Control for Scalable Video Transmission procedure.

Fig. 13 shows the basic model for scalable video trans-Tom our discussions in Section IV-B1), we know that
mission using guaranteed service. The only difference whis t_he EL-UVBR approach, higher coding efficiency can be
compared to the single-layer video transmission is the ad@chieved, and that for the EL-CVBR approach, the drift error
tion of another leaky-bucket traffic control module for théS Smaller. Hence, whether the EL-CVBR scheme or the EL-
enhancement layer. We denote the bandwidth allocated YBR scheme yields higher basic video quality really depends

the base layer aRBL, the reserved buffer for the base layePn Which force has a larger impact. _
as BBL (BBL and BEL); similarly, the parameters for the In Fig. 14, we present the for the three/N/AM combi-
enhancement layer ar&ZL and BEL (BEL and BEL) nations, respectively. The PSNR and grade point results are

respectively. We also define a partition paramefewhich Shown in Fig. 15.

measures the portion of resources allocated to the base layef"€ first observation we can make is that there is no
given fixed total resources for both layers: ifference between the EL-UVBR and EL-CVBR for the pure

BL BL I sequence. The reason is obvious: no motion-compensated
b= rR°"_ B ) coding is used fod frames. For/ /P and/P/B sequences,
R B judging from all of the metrics, it appears that the EL-
In the last section, we presented two possible choic€%/BR outperforms the EL-UVBR approach. Especially, when
with regard to the coding of the enhancement layer: 1) increases, the difference in performance widens. This is
the enhancement layer is coded as controlled VBR, denotagtause wheri is small, the impact of the drift error is
as EL-CVBR and 2) the enhancement layer is coded deminant for both approaches. As more bandwidth is allocated
uncontrolled VBR, denoted as EL-UVBR. For both schemety the base layer, the impact of the drift error becomes
the base layer is always coded as controlled VBR. Givealatively smaller for the EL-CVBR approach, while the drift
the two choices, we would like to know which schemerror still causes quite some deterioration for the uncontrolled
results in better video quality given different combinations 0fBR approach. This is particularly true wheh= 1.0; then
RBL pBL BBL REL BEL and BEL, there is no enhancement layer for the EL-CVBR, and hence
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Fig. 17. o versusg (N, M = 12,1).
Fig. 19. PSNR and grade point versg N, M = 1,1).

no drift since the allocated bandwidth (target bit rate) for the

enhancement layer is zero. However, for EL-UVBR, there is ——— r T 4.8
still an enhancement layer (there will always be an error signal j:g
resulting from the difference between the original image and 4.5
the rate-controlled base layer; this error signal constitutes the j-g
enhancement layer), and hence drift errors result. 42
If we further compare thé/P andI/P/B sequences, once 400 41
again thel / P/ B sequence displays better performance due to z38.0
its coding efficiency during periods of high activity. % 36.0
Noteworthy are ther results. For the EL-UVBR approach, %340
the ¢ increasing monotonically witl¥ as drift is the dominant a . . . . . .
force. However, for the EL-CVBR approach, the drift problem 2930305 0% B 07 08 09 1.0

becomes relatively smaller asis increased.

2) Enhanced Quality:For the EL-CVBR approach, no cell g 29, psNR and grade point versag v, 17 = 12,1).
tagging occurs in either the base or the enhancement layers.
Hence, the received quality is assumed to be identical to that
of the output of the encoder.

For the EL-UVBR approach, enhancement layer cells are
tagged whenever the traffic does not fit within the guaranteed
service parameters. This, in turn, causes quality degradation
at the decoder end (as we assume all tagged cells are lost).
So the question is whether the advantage in coding (more

LEMMANLE B B B B B

1
B
Q= NW NI

40.0

efficient than EL-CVBR) can offset the degradation incurred & %30T
by cell losses. %36.0 L

In Figs. 16-18, we present the results for three/NV/AM 93401 EL-UVBR;]
combinations. The PSNR and grade point results are shown 32,

in Figs. 19-21. 3 04 05 06 5 07 08 09 1.0
The answer to the above question is obvious judging from

all three metrics: the EL-CVBR outperforms the EL-UVBRFig. 21. PSNR and grade point verstig N, M = 12,2).
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approach. It appears that cell losses play a dominant role ig]
the reconstruction of the enhanced quality. For the EL-UVBR
approach, ag is increased, most enhancement layer cells ajgy,
tagged; hence, the received quality is lowered to be close to
the basic quality decoded only from the base layer. [ﬁ}
In this section, we showed that, in order to achieve better
quality for both the basic and enhanced quality services, bdil
the base and the enhancement layers need to be controlled

VBR coded.
[14]

V. SUMMARY 1]

ATM-based networks support VBR video services. How-
ever, because of the highly bursty nature of VBR video, duri#%
periods of congestion, the resultant cell losses due to buffer
overflow could incur severe quality degradation. Source rate
control can be implemented to generate a controlled VBR it
stream whose burstiness is constrained to fit within certain
bounds. An important issue is whether the picture quality8]
degradation incurred by source rate control is within the
desired level or how to do control to make it so. In thi$19]
paper, we establish quantitatively the relationship between
the picture quality degradation and different combinationgg;
of allocated bandwidth, buffer size, and other key coding
parameters for MPEG-2 video. We also look into the quali
control problem for scalable video coding and transmissiofzz]
Our study reveals that, in order to maximize the quality of both
the basic and the enhanced services, source rate control should
be implemented for both the base layer and the enhancemgat
layer. The relationships between the two types of quality and
different combinations of bandwidth allocations, buffer sizes,
and other coding parameters are also established for scalable
MPEG-2 video.

An important issue that has not been addressed in tl
paper is statistical multiplexing. Theoretically, if statistica
multiplexing is used, fewer resources need to be reserved in
network. But the network should always guarantee the delive
of conforming cells with a very high probability. Whether this
is possible for highly bursty VBR video sources or how ti
achieve this is still a challenging issue.
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