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Abstract 1 Introduction 
We consider a multiplexer station which supports 

ATM video t ra f ic  streams. The system model also ap-  
plies t o  the multiplexing operation carried out a t  the 
output queue of each output-queueing ATM switch. 
We assume that video signals are encoded b y  a two- 
level layered encoding algorithm under which each 
ATM cell is properly marked as a high-priority (HP) 
or low-priority [LP)  cell according t o  the significance 
of the information carried b y  the cell. The video mul- 
tiplexer implements a congestion-control based cell- 
discarding algorithm under which, when high conges- 
tion conditions are observed, the LP cells are dis- 
carded. I n  previous studies, the quality of the video 
streams under such a mechanism has been examined 
fo r  a single stream, without incorporating the im- 
pact of the multiplexing operation. I n  addition, only 
long-term video quality behavior has been considered. 
I n  this paper, we take into account the high bursti- 
ness embedded  in the video t ra f ic  as observed b y  the 
wultiplexer at the cell-level and the frame-level t ime 
scales. W e  show that, if not carefully designed, a cell- 
discarding algorithm can cause both inter-frame a n d  
intra-frame short-term video quality degradations. To 
correct this situation, we introduce new cell-discarding 
algorithms which incorporate a probabilistic mecha- 
nism into their cell discarding scheme and which take 
into account the features o f  the bursty inter-frame and 
intra-frame processes. Two Video Degradation lndi-  
cators are antroduced to measure the short-term inter- 
frame and intra-frame video quality degradation fea- 
tures experienced b y  a video stream. Through numeri- 
cal examples, we identify and compare the system per-  
formance behavior under the introduced cell-discarding 
algorithms. It is shown that, under a prescribed long- 
term video quality level, the introduction of a prob- 
abilistic component in  the cell-discarding process sig- 
ni,ficantly improves the system performance, including 
the short-term video quality and the mean cell wait- 
ing t ime functaons. In  addition, it as observed that b y  
dynamically calculating the value of the probabilistic 
component, the short-term vadeo quality performance 
is further zmproved. 
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Recently, a significant amount of research effort has 
been devoted to the design and implementation of lay- 
ered encoding algorithms for Variable-bit-rate (VBR) 
video signals ([1,2,3,4,5]). Under such an algorithm, 
video information is separated into multiple streams 
marked with different priorities according to  their sig- 
nificance in the reconstructing operation carried out 
a t  the decoder. Such encoding algorithms are effective 
for the implementation of priority-oriented congestion 
control mechanisms in the transporting packet net- 
work (such as a BISDN ATM network), due to  their 
ability to minimize the impact of packet loss ([3,5]). 
Note that during congestion periods in a packet net- 
work, packets (or cells) are undesirably delayed or even 
discarded/blocked due t o  the unavailability of suffi- 
cient network resources. Instead of randomly delay- 
ing or blocking whole packets, a selective bit(or cell)- 
discarding algorithm can be used by the network such 
that only the non-essential part of the video informa- 
tion can be discarded during congestion periods. I t  
is well-known that such a mechanism which combines 
the use of a layered encoding scheme and a bit(or cell)- 
discarding algorithm can significantly improve the net- 
work delay-throughput performance. It has also been 
shown in [3 ,5]  that  the overall video quality under this 
combined mechanism is also significantly improved. 

Note that in a network implementing such a com- 
bined mechanism, we improve the delay-throughput 
performance by temporarily degrading the video qual- 
ity to  a limited extent. In previous studies ( [ 3 , 5 ] ) ,  
the quality of the video streams generated by such 
a combined mechanism (of layered encoding and cell. 
discarding algorithms) has been examined for a sin- 
gle stream, without incorporating the impact of the 
multiplexing operation. In [6,9,10] (and the refer- 
ences therein), i t  has been shown that the video traf- 
fic is highly bursty. As a result, when transporting 
video packet through a network, the quality of a video 
stream can be degraded in a highly correlated fash- 
ion (see Section 5 for detailed discussions), leading to  
unacceptable video quality features. The video qual- 
ity investigations carried out in [3 ,5]  are based on a 
long-term video quality measure. In turn,  it has been 
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shown in [13-151 that for real-time services, includ- 
ing voice and video, the short-term quality measures 
play a very important role in characterizing the overall 
quality of the transported. streams. 

In this paper, we considler a video multiplexer which 
supports ATM cell formatted video traffic. This sys- 
tem model applies to the multiplexing operation car- 
ried out at  the output queue of a typical output- 
queueing ATM switch. Each video source implements 
a two-level layered encoding algorithm such that each 
A’TM cell is properly marked as either a high-priority 
(IIP) or a low-priority (LP) cell. The video multi- 
plexer implements a video cell-discarding algorithm 
which discards cells based on a measured or computed 
congestion status indicator. We use the model devel- 
oped in [B] to model video trafic. Under this model, 
thLe number of cells generated in a slice (which is a 
horizontal strip of a video frame) is described as a 
stochastic process. Using this model, we observe high 
correlations embedded in the (superpositioned) video 
cell processes arriving at  the multiplexer both at the 
inter-frame and intra-frame level. As a result a cell- 
discarding algorithm can cause the short-term video 
quality to  be degraded both at  the inter-frame and 
intra-frame level. 

We develop three distinct cell-discarding algo- 
rithms, which are identified as “deterministic”, “prob- 
abilistic” and “predictive” algorithms. Under a deter- 
ministic algorithm, the queue size of the multiplexer 
buffer is used as the sole congestion status indicator 
used to determine whether a cell is discarded. Under a 
probabilistic algorithm, in addition to the queue size, 
we incorporate a fixed probabilistic parameter into the 
process of discarding LP cells. Under a predictive al- 
gorithm, the probabilistic component is dynamically 
adjusted to the predicted network congestion level, 
w!hich is obtained by utilizing burstiness information 
observed at  the frame-level time scale. To measure the 
short-term video quality, two Video Degradation In- 
dicators, denoted as VDIa and VDIe, are introduced. 
Tlhey measure, respectively, the short-term video qual- 
ity degradation a t  the intra-frame and inter-frame lev- 
els. 

Through extensive simulation studies, we investi- 
gatte the system’s perforrnance behavior for illustra- 
tive cases. The system’s performance characteristics 
obtained under the deterministic and probabilistic al- 
gorithms as a function of their respective system pa- 
rameters are examined. ;For each algorithm, the pa- 
rameter values which yield the best mixture of per- 
formance indices are selected. We then compare the 
performance exhibited by :such deterministic and prob- 
abilistic algorithms with the performance attained un- 
der a predictive algorithm. Performance indices used 
for this comparison include the VDIe and VDPa lev- 
els, mean cell waiting time and the long-term LP cell 
di:scard probability. It is shown that the introduc- 
tion of a probabilistic component in the probabilistic 
and predictive algorithms significantly improves the 
short-term video quality, under a prescribed long-term 
L P  cell discard probability level. Furthermore, we ob- 
serve that by dynamically calculating the value of the 
probabilistic component, as done by the predictive al- 

gorithm, the short-term video quality performance is 
further improved. 

The remainder of this paper is organized as fol- 
lows. We present the system’s model in Section 2. The 
short-term video quality measures (VDIa and VDIe) 
are defined in Section 3. In Section 4, the cell discard- 
ing algorithms are described. In Section 5, we qual- 
itatively study the statistical behavior of the video 
traffic and discuss the video quality behavior under 
the introduced cell-discarding algorithms. Numerical 
examples are presented in Section 6. Final conclusions 
are drawn in Section 7. 

2 System Model 
We consider a multiplexer station, consisting of 

a station buffer loaded by N identical ATM video 
sources. The system configuration is described in Fig. 
1. The multiplexing scheme of the station is based on 
a first-come-first-served service policy. It is assumed 

Fig. I System Configuration 

that  each video source implements a two-level layered 
encoding algorithm such that each ATM cell it gener- 
ates is properly marked as either a high priority (HP) 
cell or a low priority (LP) cell. In turn, a congestion- 
control based cell-discarding algorithm is implemented 
by the multiplexer under which when high conges- 
tion conditions are observed, LP cells are discarded. 
(The descriptions the cell-discarding algorithms are 
presented in Section 4.) The multiplexer buffer’s ca- 
pacity is assumed to be K cells. Let R, (bits/second) 
denote the transmission rate of the multiplexer’s out- 
put link. Assume that the transmission rate of the 
transmission line which connects the video sources and 
the multiplexer station is R; (bits/second). Let L ,  (in 
bits) denote the length of an ATM cell. 

Each video source periodically generates a frame 
every Tf second (see Fig. 2). Let nf  = l/Tf denote 
the number of frames generated in a second by a single 
video source. A frame is segmented into n, slices. A 
slice represents a horizontal strip of a frame. Note 
that under an encoding algorithms such as MPEG, a 
slice is also the basic encoding unit ([1,2]). Let F,, 
m 2 0,  denote the total number of cells generated 
in the m-th frame and S,, n 2 0,  denote the total 
number of cells generated in the n-th slice. Note that 
S,, also denotes the number of cells generated in the 
( n -  LEjns)-th slice of the ( [E]) - th  frame, where 1x1 
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k T c 1  I + = T i +  I 

Fig. 2 Cell Arrival Patlem Generated by a Video Source 

denote the maximal integer which is less than or equal 
to 2. Obviously, we have 

(m+l ln .  - 1 
\ , I -  

F, = T S; 
U 

i=m.n ,  

Note that S, and Sn+n, denote the number of cells 
generated in the two slices which are at  the same lo- 
cation in two consecutive frames. 

Considering the cell arrival stream offered by a sin- 
gle video source (transmitted across the input line and 
observed a t  the multiplexer), we note the following 
(see Fig. 2). Each incoming video stream alternates 
between active and inactive periods. The length of 
m-th active period is 9, representing the time re- 
quired for the multiplexer to receive the F, cells gen- 
erated in the m-th frame. The time duration between 
two successive active periods is equal to T'. Within 
an active period, cells arrive at  the multiplexer station 
a t  fixed inter-arrival times, denoted by r ,  r = &. Let 
Fmax denote the maximal number of cells generated 
in a frame. It is assumed that R, 2 Fmax/Tf.  Note 
that this model (Fig. 2) has also been used in [9,10]. 

To demonstrate the effectiveness of the cell- 
discarding algorithms introduced in this paper, the 
model described in [6] is used to generate the {S,, n 2 
0) process. This procedure, which is based on a 
TES (Transform-Expand-Sample) method (see [7,8] 
and the references therein), is summerized in the Ap- 
pendix. 

To simplify the analysis, it is assumed that a slice 
contains an equal number of HP cells and LP cells 
(therefore Sn and F, assume values which are even 
numbers) and that HP cells and LP cells of a sin- 
gle stream arrive at the multiplexer station alter- 
nately. To demonstrate and compare the performance 
of the presented algorithms, we assume that the video 
sources start their first frame activity a t  times which 
are equally (and deterministically) distributed across 
a frame period. Thus, the start time of the n-th frame 
of the i-th source (1 5 i 5 N )  is E + &. (Such 
an assumption has also been used in [9].) 

n f 

3 Descriptions of the Video Degrada- 
tion Indicators: VDIe and VDIa 

In this Section, we introduce two video quality mea- 
sures, denoted as VDIe and VDIa. They characterize 
the short-term inter-frame and intra-frame video qual- 
ity degradation of a single video stream. 

Consider a single video source (the tagged source). 
Recall that  S, denotes the number of cells generated 
by the tagged source in the n-th slice. Let D,(& 5 
S,/2) denote the number of LP cells in the n-th 
slice which have been discarded by the cell-discarding 
mechanism implemented by the multiplexer. (See Sec- 
tion 4 for detailed discussions of the cell-discarding al- 
gorithms). Define X ,  = 100 x D,/S,, 0 5 X ,  5 50, to 
represent the percentage of LP cells (among all cells) 
in the n-th slice which have been discarded. We define 
the intraframe video degradation indication VDIa 
and interframe video degradation indicator VDIe 
as : 

VDIe(q) = lim Prob(Xn 2 q,Xn+ns  2 4) 
n-co 

Note that VDIa(q) denotes the steady-state prob- 
ability that more than q percent of the LP cells in 
consecutive two slices have been discarded. In turn, 
VDIe(q) denotes the probability that more than q per- 
cent of the LP cells in two slices a t  the same location 
in two consecutive frames have been discarded. 

4 The Cell-Discarding Algorithms 
Under a congestion-control based cell-discarding al- 

gorithm, the multiplexer discards LP video cells based 
on the congestion status of the multiplexer station. In 
this Section, three such cell-discarding algorithms are 
developed and described. 

The "deterministic" cell-discarding algorithm (see 
Fig. 3 )  is a direct extension of the voice cell-discarding 

Fig 7 IXlrrminislic Ccll-Discarding Algorithm 

algorithm described in [11,12,13,16]. Note that in Fig. 
3 the variable Q denotes the queue size (representing 
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the number of queued cells a t  the start time of a 

of the multiplexer’s queue), and Th denotes the cell- 
dropping threshold (a system parameter). If the cell 
to be transmitted is a LP cell and if Q > T h ,  this cell 
is discarded. 

We generalize the deterministic cell-discarding al- 
gorithm into a “probabilistic” cell-discarding algo- 
rithm by incorporating a probabilistic component into 
thLe process of discarding ILP cells ([13]). A probabilis- 
tic cell-discarding algorithm is described in Fig. 4. 
At the time when the output link is ready to trans- 

cell transmission (for the ce 1 1 positioned at the head 

Fig. 4 Probabilistic Cell-Discarding Algorithm 

mit an LP cell positioned at  the head of the mul- 
tiplexer’s queue, the queue-size level Q is compared 
with the threshold Th.  If Q 5 T h ,  the cell is transmit- 
ted. Otherwise, the cell is discarded with probability p 
(0 5 p 5 1). Note that p is a selectable system param- 
et’er and that the variable R d  (see Fig. 4) denotes the 
outcome of a random number generator which gener- 
ates random numbers uniformly distributed between 
0 and 1. It is noted that a deterministic algorithm 
is a special case of a probabilistic algorithm in which 
p = 1. 

By investigating the statistical behavior of the 
{Em.,n 2 0) process, we note that the F process 
is highly correlated (see [6,9,10] and the references 
therein), such that typically the value of the correla- 
tion coefficient E [ ~ ~ ~ ’ ’ !  is larger than 0.95. Thus, 
the numbers of cells generated in the (n  + 1 -st and 
the n-th frames are very close. As a result, t h e num- 
ber of cells generated in the current frame can be used 
as a basis for predicting the number of cells generated 
in the next frame. In the following, we introduce a 
“predictive” cell-discarding algorithm. 

e Time is segmented into slots of length Tf , 

0 At the start of the n-th slot, calculate p using the 

Let 2 denote the (measured) total number of 
cell arrivals (from all N streams, including 
H P  and LP cells) in the (n - 1)-th slot. 

following procedure: 

e 

5 

Let y denote the maximal number of cell 
transmissions in a slot, which is equal to  

If x 5 y, let p = 0. Otherwise, p i s  calculated 
as : 

Tj.Ro 
Lc 

2 - Y  
z 

p = min(1, ,-). 

Within the n-th slot, implement the probabilistic 
cell-discarding algorithm presented above using 
the calculated value for p .  

Video Quality Behavior under the 
Cell-Discarding Algorithms 

In this Section, we cualit&vely study the video 
cell arrival pattern and investigate the video qual- 
ity behavior (VDIe and VDIa levels) under the cell- 
discarding algorithms described in the previous Sec- 
tion. 

For a selected video source, we observe the follow- 
ing. Under the TES ([6]) model, hundreds of cells are 
generated in a frame. Within an active period, cells ar- 
rive a t  the multiplexer station deterministically, with 
the inter-arrival time equal to  7. As a result, (see 
Fig. 5 for an example) by investigating the superposi- 

c 
stmam I I 

Fig. 5 Cell-Level Pseudo-Periodicity 

tioned traffic stream feeding the multiplexing station, 
we observe the incoming traffic pattern to be “pseudo- 
periodic” with a “pseudo-period” equal to T ([13,14]). 
The above phenomena is identified in this paper as the 
“cell-level pseudo-periodicity” . 

Consider a multiplexer station which implements 
a deterministic cell-discarding algorithm. Due to the 
“cell-level pseudo-periodicity’’ as well as the fact that  
the queue-size is the sole congestion status indica- 
tor employed by a deterministic algorithm, the mul- 
tiplexer tends to consecutively discard LP cells gen- 
erated by the same source. This per-stream cell-level 
consecutive-discarding phenomena can lead to severe 
degradations in the video quality as reflected by the 
VDIa measure. However, under the probabilistic or 
predictive algorithm, we incorporate a probabilistic 
component into the process of discarding cells and 
thus “de-correlate” the dependencies caused by the 
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“cell-level pseudo-periodicity” . In this manner, the 
cell-level consecutive-discarding phenomena is avoided 
and the distortion level exhibited by the VDIa mea- 
sure is significantly reduced. 

In addition, we also note a “frame-level pseudo- 
periodicity” phenomena, which is described as follows. 
Consider the stream flows illustrated in Fig. 6. Two 

I d- 

scream I + 
I ,  : i ,  I ,  € 7  

Fia. 6 Frame-Level Pseudo-Periodicity 

video streams are considered. Note that t l  and t 5  
are two frame start  times for Stream 1 and t 2  and 
t 6  are two frame start  times for Stream 2. As a re- 
sult, t5  - t l  = t6 - t 2  = T f .  Since Streams 1 and $2 
are both active between t 2  and t 3 ,  cells arriving dur- 
ing this period experience higher queueing delays and 
hence higher cell-discard levels than those arriving be- 
tween t l  and t 2  (from Stream l) and between t 3  and 
t 4  (from Stream 2). Note that the number of cells gen- 
erated in two successive frames are highly correlated. 
The value of t 3  - t l  is very close to that of t7 - t 5 ,  sim- 
ilarly for t 4  - t 2  and t 8  - t 6 .  As a result, those slices 
which experience higher degradations in the current 
frame will tend to  also experience higher degradation 
in the next frame with high probability. This con- 
dition leads to  high distortion levels reflected in the 
VDIe measure. In this paper, the above phenomena 
is identified as the “frame-level pseudo-periodicity” . 

Note that ,  by implementing a predictive algorithm, 
instead of using the queue-size as a congestion status 
indicator, the number of cells to  be discarded in the 
next Tf-second slot is computed in advance based on 
the frame activity at the previous slot. Consequently, 
under the predictive algorithm, even though the sys- 
tem is not highly congested between t 3  and t 6 ,  the 
multiplexer will proceed to  probabilistically discard 
cells within this period of time as well. We show this 
mechanism to yield significantly reduced VDIe levels. 

6 Numerical Examples 
In this Section, simulation results of numerical ex- 

amples are presented. Performance characteristics 
under the deterministic and probabilistic algorithms 
as a function of their respective system parameters 
are thoroughly examined. We identify the best se- 
lectable system performance for the deterministic and 
the probabilistic algorithms (under all system pa- 
rameters). Then, we compare the best performance 

achieved under these algorithms with the performance 
achieved under the predictive algorithm. 

We assume that the system is symmetrically loaded 
with 27 video sources ( N  = 27). The transmission rate 
of the output link (R, is set equal to 150 Mbps/sec. 

source generates 24 frames per second ( n f  = 24) and 
each frame consists of 30 slices (n ,  = 30). The mean 
and peak slice size are 17.36 and 48 cells, respectively, 
which correspond to  a mean and peak offered load of 
5.3 and 14.6 Mbps, respectively. As a result, we set 
R; = 15 Mbps. The offered load of the system is 
computed to  be equal to 0.95. The capacity of the 
multiplexer station’s buffer is set equal to  1500 cells, 
which corresponds to  a maximal cell waiting time of 
4.24 ms  ([lo]). 

In Fig. 7-8, we respectively plot VDIe(25), 
VDIe(35) and VDIa(25), VDIa(35) under the proba- 

According to  the mo d el described in [6], each video 

bilistic algorithm as a function of p for various thresh- 
old values, Th=400, 600 and 800. (Recall that  a deter- 
ministical algorithm is a special case of probabilistic 
algorithms when we set p = 1.0.) The figures show 
that a noticeable video quality degradation is expe- 
rienced (under both VDIe and VDIa) as p increases. 
This observation holds for all T h  values under consid- 
eration. 

In Fig. 9 ,  we plot the mean cell waiting time, (long- 
term) LP cell discard probability (induced by the cell- 
discarding algorithms) and HP cell blocking probabil- 
ity (caused by buffer overflows), as a function of p, 
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for threshold level (Th) equal to  400, 600 and 800. 
From Fig. 9(a , we observe that the long-term LP cell 

ues are very close. From Fig. 9(c), we observe that  
severe HP cell blocking occurs when p 5 0.4, under 
all T h  values. In addition, from Fig. 9(b), a notice- 
able increase in the mean cell waiting time is observed 
as p decreases. From Fig. 9(b), we also observe the 
asymptotic behavior of the mean cell waiting time; i.e. 
for p > 0.5, no noticeable improvement in the mean 
cell waiting time is achieved as p is further increased. 
From Fig's. 7-9 we conclude that a good selection of 
a value for p (for all T h  values) is p = 0.5. Under 
this p level, VDIe and VDIa index levels are kept at 
their lowest values (under the condition that no H P  
cell blocking occurs) and the achieved mean waiting 
time level is very close to  its best value attained (when 

The best value of T h  is selected by the results pre- 
sented in Fig's.10-12. In Fig. 10-11, we respectively 
plot VDIe(25), VDIe(35) and VDIa(25), VDIa(35), as 

discard proba l!3 ilities incurred under different T h  val- 

p = 1.0). 

a function of threshold level (Th),  for p = 1.0 (a de- 
terministic algorithm) and for p = 0.5 ( the best p 
value for the probabilistic algorithm). It is observed 
that the VDIe and VDIa distortion index values de- 
crease as the threshold value T h  is increased. We also 
note that both VDIe and VDIa distortion functions to  
exhibit an asymptotic behavior. 

Performance curves for (long-term) LP cell discard 
probability and mean cell waiting time, as a function 

of the threshold value (Th , are plotted in Fig. 12. 

under p = 0.5 and p = 1.0 is negligibly small.) I n  
Fig. 12(a), we note that the EP cell discard proba- 
bility under the two p values under consideration are 
almost identical. This phenomena can be explained as 
follows. During a congestion period, under the prob- 
abilistic algorithm ( p  = 0.5), the probability of dis- 
carding a LP  cell is lower than that incurred under 
a deterministic algorithm (p = 1.0). Hence, under a 
probabilistic algorithm the queue-size process remains 
a level higher than T h  for a longer period of time. 
Over the long term, the probabilistic and determinis- 
tic algorithms (using the same T h  levels) discard the 
same fraction of LP cells. Note that the results shown 
in Fig. 10, 11 and 12(a) also confirm our former ob- 
servation that the behavior of the (long-term) LP cell 
discard probability function by itself is not sufficient t'o 
fully characterize the video quality features exhibited 
by the underlying system. 

In Fig. 12(b) we show that the cell waiting time in- 
creases rapidly as the T h  level increases. As a result, 
the best threshold (Th) to  be selected can be deter- 
mined by combining the performance results shown in 
Fig.'s 10, 11 and 12(b). For example, €or p = 1.0, 
the best threshold value is around 600, since it has 
been observed in Fig. 10 that no noticeable short- 
term video quality improvements are achieved when 
Th>600. For p = 0.5, the best selectable value for T h  
is obtained t o  be around 400. 

In Table 1, we compare the best performance mea- 

(Note that the HP cell bloc k ing probabilities incurred 
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sures achieved under the probabilistic algorithm (for 

VDle(25) (%) 

I I 

8.0 6.5 2.8 
I I , 

VDla(3S)(%) I 4.0 0.30 0.011 

10.2 10.3 10.5 

Table I Performance comparison ofdelemmae. pmbabilisic 
and grrdiciive algonihms. when wtpul lid transmission me-IS0 Mbps 

p = 0.5 and Th=400) and the deterministic algorithm 
(for Th=600) with the performance achieved under 
the predictive algorithm. Note that the H P  cell block- 
ing probability under the predictive algorithm is also 
negligibly small (at the same level as the determin- 
istic and the probabilistic algorithms under the se- 
lected p and T h  values). From Table 1, we observe 
that the introduction of a probabilistic component 
in the probabilistic and predictive algorithms signif- 
icantly improves the short-term video quality, under a 
prescribed long-term LP cell discard probability level. 
In addition, the mean waiting performance also shows 
improvement under the probabilistic and predictive al- 
gorithms. We observe that the predictive algorithm 
exhibits the best short-term video quality and mean 
waiting time performance behavior among the three 
cell-discarding algorithms investigated in this paper. 

By further studying Table 1, we note that the im- 
provements exhibited by the probabilistic and pre- 
dictive algorithms, as reflected by the VDIe 35) and 

pressed by the VDIe(25) and VDIe(25) indices. This 
is of particular interest, since the quality of real-time 
services, including voice and video, is highly sensitive 
to  short-term degradations (see [13,15]). Through the 
use of more effective algorithms, we have thus demon- 
strated that the quality indices used to describe the 
short-term and long-term quality of a video stream 
are significantly enhanced. 

Recall that  under the probabilistic or predictive 
algorithm, we incorporate a probabilistic component 
into the process of discarding cells and thus “de- 
correlate” the dependencies caused by the “cell-level 
pseudo-periodicity” . In this manner, the cell-level 
consecutive-discarding phenomena is avoided and the 
distortion level expressed by the VDIa (an intra-frame 
distortion) index is significantly reduced. By examin- 
ing Table 1, it is observed that the inter-frame distor- 
tion index VDIe shows the same level of improvements 
as that  expressed by VDIa. It is shown that the im- 
pact that  the de-correlating process has on the video 
quality features a t  the cell level transcends beyond 
the intra-frame level. The same level of improvements 
are also realized at the inter-frame level. In addition, 
recall that ,  under a predictive algorithm, the param- 

VDIa(35) indices, are more noticeable than t ‘h ose ex- 

eter p is computed at  the start of the slot based on 
the frame activity at  the previous slot. Hence, a “de- 
correlation” of the dependencies caused by the “frame- 
level pseudo-periodicity” is achieved and the VDIe dis- 
tortion level is significantly reduced. The probabilis- 
tic character of the algorithm contributes to further 
reduction in the VDIe and VDIa distortion levels. 

7 Conclusions 
We consider a video multiplexer supporting ATM 

video streams encoded by a two-level layered-encoding 
algorithm. The video multiplexer implements a video 
cell-discarding algorithm which discards low-priority 
ATM cells based on a measured or computed conges- 
tion status indicator. 

In this paper, we take into account the high bursti- 
ness embedded in the video traffic as observed by 
the multiplexer at  the cell-level and frame-level time 
scales. We show that,  due to this high burstiness, 
if not carefully designed, a cell-discarding algorithm 
can cause both inter-frame and intra-frame short-term 
video quality degradations. 

We develop three distinct cell-discarding algo- 
rithms, which are identified as the “deterministic”, 
“probabilistic” and “predictive” algorithms. To mea- 
sure the short-term video quality, two Video Degra- 
dation Indicators, denoted as VDIa and VDIe, are in- 
troduced. They measure the short-term video quality 
degradation a t  the intra-frame and inter-frame level. 

Through the conduct of extensive simulation stud- 
ies, we investigate the system’s performance behavior. 
The performance characteristics of the deterministic 
and probabilistic algorithms, as function of their re- 
spective system parameters, are thoroughly examined. 
For these schemes, the parameter values are selected 
to yield the best performance features. We have com- 
pared the performance exhibited by these algorithms 
with that obtained under a predictive algorithm. The 
performance measures under comparison include the 
VDIe and VDIa levels, mean cell waiting time and 
the long-term LP cell discard probability. We have 
shown that the introduction of the probabilistic com- 
ponent in a probabilistic and predictive algorithms sig- 
nificantly improves the short-term video quality, un- 
der a prescribed long-term L P  cell discard probability 
level. We also have demonstrated that by dynamically 
calculating the value of the probabilistic component 
according to the frame-level burstiness information (as 
performed by the predictive algorithm) the short-term 
video quality performance is further improved. 

Appendix 
In this Appendix, we briefly summerize the pro- 

cedure developed in [SI to generate the sequence 
{S,, n 2 0) (defined in Section 3) .  More detailed 
discussions can be found in [6,7,8]. Note that under 
this procedure, it is assumed that the number of slices 
in a frame is equal to n, = 30. 

Let G denote the marginal distribution function of 
{S,,n 2 0).  Set D = G-’ to be the inverse function 
of G. In accordance with the TES method ([7,8]), the 
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following sequence is generated: 

where (a:)  = a: - LxJ and 1.J denotes the maximal 
integer which is less than or equal to x. U0 is an 
arbitrary number between 0 and 1. V, and a(.) are 
defined as: 

and 

K, = (1 - X,) (L  + ( R  - Jl.)Z,) + X n ( T  + a A ) ,  

as we i 1 as L ,  R and a, are system parameters deter- 

where 2, is the outcome of a random number gener- 
ator which generates random numbers uniformly dis- 
trtbuted between 0 and 1. The process { X , , n  2 1) 
is a sequence of i.i.d. Bernoulli random variables with 
Prob X ,  = l )=p ,  Prob(X, = 0)=1 - p .  Note that p ,  

mined to match the auto-correlation function of the 
{S ,  , n 2 0) and { F, , m 2 0) processes through mea- 
surements performed on the modeled video sequence. 

We then set S, = DIU,), so that the marginal 
distribution of S is equal to the prescribed function 
G, while S exhibits correlation properties dictated by 
the relationships described above. 

From [6], for the examined sample of a video se- 
quence, we set L = 0.003, R = 0.008, a,  = 0.28 and 
p = 1/3001. In this paper, we assume that G is a nor- 
mal distribution with mean and standard deviation 
values equal to 17.36 and 8.35, respectively. 
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