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MPEG Video Streaming with VCR Functionality
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Abstract—With the proliferation of online multimedia content, In addition to the large storage, network bandwidth, and
the popularity of multimedia streaming technology, and the real-time constraints, with the proliferation of online mul-
establishment of MPEG video coding standards, it is important timedia content, it is also highly desirable that multimedia
to investigate how to efficiently implement an MPEG video . ' - .
streaming system. Digital video cassette recording (VCR) func- Streamlng_ systems support effective and fa_st brOWSIng._ A
tionality (such as random access, fast forward, fast reverse, etc.) K€y technique that enables fast and user friendly browsing
enables quick and user-friendly browsing of multimedia content, of multimedia content is to provide full VCR functionality
and thus is highly desirable in streaming video applications. The [9]. The set of effective VCR functionality includes forward,
implementation of full VCR functionality, however, presents some backward, stop (and return to the beginning), pause, step-for-
technical challenges that have not yet been well resolved. In this ' ' ’
paper, we investigate the impacts of the VCR functionality on the ward, Step'_baCkward’ fast-forward, _fast-backward, and random
network traffic and the video decoder Comp|exi’[y. We propose access. This set of VCR fUnCtlona“ty allows the users to have
a least-cost scheme for the efficient implementation of MPEG complete controls over the session presentation and is also
streaming video system to provide full VCR functionality over a yseful for other applications such as video editing.

network with minimum requirements on the network bandwidth With the establishment of MPEG video coding standards
and the decoder complexity. We also discuss our implementation

of an IP-based MPEG-4 video streaming platform which provides [10]_[1?]’ it is. eXPeCted_ that many vidgo sequences for
full VCR functionality. streaming applications will be encoded in MPEG formats.

_ . - . However, the implementation of the full VCR functionality

Index Terms—Compress-domain processing, digital video . . . . .
cassette recording (VCR), MPEG video, streaming video, video With the MPEG coded video is not a trivial task. MPEG video
coding. compression is based on motion compensated predictive coding
with an I-B—P-frame structure. The |-B—P-frame structure
allows a straightforward realization of the forward-play func-
tion, but imposes several constraints on other trick modes

ULTIMEDIA applications have entered an exciting erssuch as random access, backward play, fast-forward play, and

that will enormously impact our daily life. Today’s mul-fast-backward play. As will be shown later, straightforward im-
timedia technology allows network service providers to offgrlementation of these functions requires much higher network
versatile services such as home shopping, games, video sunlghdwidth and decoder complexity compared to those required
lance, and movie on demand [1], [2]. In these applications, vidéer the regular forward-play function.
streaming technology plays an important role in media delivery. With the I-B—P structure, to decode a P-frame, the previ-
Realizing that video streaming has so many applications a@udsly encoded I-/P-frames need to be decoded first. To decode a
so great commercial potential, many companies, organizatioBsframe, both the |-/P-frames before and after this B-frame need
and universities are developing products [3]-[7], standards, aiedoe first decoded. To implement a backward-play function, a
new technologies [8] in this area. straightforward implementation is for the decoder to decode the

A video streaming system should be capable of deliverivghole group of picture (GOP), store all the decoded frames in
concurrent video streams to a large number of users. The &elarge buffer, and play the decoded frames backward. How-
alization of such a system presents several challenges, suckw, this will require a huge buffer (e.g., afframe buffer, if
the high storage-capacity and throughput in the video server dhe GOP size isV) in the client machine to store the decoded
the high bandwidth in the network to deliver large number dfames which is not desirable. Another possibility is to decode
video streams. With the rapid progress in processing hardwafeg GOP up to the current frame to be displayed, and then go
software, storage devices, and communication networks, thések to decode the GOP again up to the next frame to be dis-
problems are being solved and video streaming applications ateyed. This does not require the huge buffer but will require
becoming increasingly popular. the client machine to operate in an extremely high speed (up to

N times of the normal decoding speed), which is also not de-
, _ _ __sirable. The problem soon becomes impractical when the GOP
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many clients request the trick modes, it may resultin much high Wi oy

network traffics compared to the normal forward-play situation. | i PR

alsorequires highcomputational complexity inthe clientdecods ""'If___i__?;- |— N=

to decode all these extra frames. It is possible to just send t ' 7 % ' ] - - T 3

I-frames for these trick-modes. However, if the applications us e =g *——u Metwark ,:' Sy

a very large GOP-size, or require high-precision in video-fram i g »

access, sending I-framesonly may notbe acceptable. = i g W 8 _;---f" - d
There are many different schemes to encode the MPE “'*"" ‘w4 . :

video, depending on the desirable server/network/client cor = - [Msk | I

plexity requirements. For example, the video can be encoded
with all I-frames. This will result in the lowest complexity re-Fig. 1. MPEG video streaming.
guirement for the client machines. However, it will require very

large server storage and network bandwidth since the l'fra”g?Feaming system. We analyze the impacts of performing VCR

vaiIII r.e‘?;lt irr:. hri]gh tbit-rates. Since the nettvrzoilf[hban%W|th USWick-modes on the client decoder complexity and network traf-
a%'S" IeB 'g fes con(;]ern, we az.sum?f r? € video 1s cof . We propose using dual bitstreams at the server to resolve
with all I-B—P frames that can achieve high compression ra 'Bre problem of reverse play. Based on the dual-bitstream struc-

for the transport over a network with minimum bandW'dﬂfure, we propose a novel frame-selection scheme at the server
resources. . . to minimize the required network bandwidth and the decoder
Some recent works have addressed the implementation gh, yjeyity. This scheme determines the frames to stream over
VCR functions for MPEG compressed video for streaming,e nenyork by switching between the two bitstreams based on
video applications [1], [13]-[15]. References [1], [13], [14h |east.cost criterion. We present a drift-compensation scheme

address the problem of reverse-play of MPEG video stream§e iminate the drift caused by the bitstream switching. We also
and [15] ad(_jresses the problem of fast-.forward play. Cljftendescribe our implementation of an MPEG-4 video streaming
al. [1] described a method of transforming an MPEG -B—

. . ) ] gstem supporting the full VCR functionality.
compressed bitstream into a local I-B bitstream by performing 1, rest of this paper is organized as follows. In Section 11, we

a P-to-I frame conversion to convert all the retrieved P-fram@g ., o5 the impacts of random-access and fast-play operations
into I-frames at the client, thereby breaking the inter-framg, yecoder complexity and network traffics. In Section Il we
dependencies betyveen the P-frames a_nd the I-frames. Aﬁgrscribe our proposed scheme for supporting full VCR func-
the frame conversion and frame reordering, the motion-vectgf, i with least network resource and decoding effort. Sec-
swapping approach developed in [13] can be used for {6, \\, hresents a drift-compensation scheme for the proposed
backward-play of the new |-B bitstream. However, this aRa,qt cost bitstream switching method. In Section V, we describe

proach requires higher decoder complexity to perform t ur implementation of an MPEG-4 video streaming system with

P-to-| conversion and higher storage cost to §tore _tk_le lﬂlﬁl VCR functionality. Finally, conclusions are given in Sec-
streams. Weeet al. [14] presented a method which d'V'deStion v

the incoming |-B—P bitstream into two parts: I-P frames and
B-frames. A transcoder is then used to convert the I-P frames
into another I-P bitstream with a reversed frame order. A
method of estimating the reverse motion vectors for the new
|-P bitstream based on the forward motion vectors of the A block diagram of an MPEG video streaming system is
original 1-P bitstream as described in [16] is used to redustown in Fig. 1. The video streams are compressed using MPEG
the computational complexity of this transcoding process. Feideo coding standards and are stored in the server. The clients
B-frames, the motion vector swapping scheme proposed in [X&n view the video while the video is being streamed over the
is used for the reverse-play. The transcoding process, howevettwork. In each client machine, a pre-load buffer is set up to
still requires much computation and will cause drift due temooth out the network delay jitter. In this paper we discuss the
the motion vector approximation [14]. None of the methodscenario that the video is streaming over the Internet and the full
mentioned above fully address the problem of the extra networkCR functionality needs to be supported. It is assumed that the
traffics and decoding complexity caused by the VCR functiorapplications may use a large GOP size, or require relatively high
such as fast-forward/backward and random-access. Omaiguprecision in video-frame access.
al. [15] investigated possible client—server time-compressionin the following, we provide some analyses and simulation
implementations for fast-forward play and video browsingesults to show the average number of frames need to be
The time compression can be implemented by storing multipdent through the network and decoded at the client decoder
pre-encoded bitstreams with different temporal resolutions atwl support random-access and fast-forward play. Since the
send a bitstream with suitable temporal resolution accordingrionselected B-frames are not involved in decoding later frames
the user’s request. This approach does not introduce excessind are not needed to be sent over the network or decoded by
network traffic but the speed-up granularity is limited by théhe decoder, for simplicity but without loss of generality, we
number of pre-stored bitstreams. focus the analyses on the cases that the bitstream contains I-
In this paper, we investigate effective techniques to inand P-frames only. The results can be easily extended to the
plement the full VCR functionality in an MPEG videol-B—P frame structure.

Il. IMPACTS OF VCR FUNCTIONALITY ON DECODER
COMPLEXITY AND NETWORK TRAFFICS
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A. Random Access

In the random-access operation, the decoder requests a frame

with an arbitrary distance from the current displayed frame. If
the requested frame is an I-frame, the server side only needs to
transmit this frame, and the decoder can decode it immediately.
However, if the requested frame is a P-frame, the server need
to transmit all the P-frames from the previous nearest I-frame to
this requested frame.

Suppose all the GOPs in the bitstream have the same length
N, and frame; is the random-access point

|<----mmmmmee e No-ooomeee - - >|
I PP PPPPPPPPUPPPI
0 1 N;

Then, in order to decode fram¥;, frameso0, 1, ..., V; — 1

should also be sent from the server side. Assuming the random-
access points are uniformly distributed, the average number of
frames to be transmitted ¥ ;... = (N + 1)/2. For example,
when N =14, Nanse =7.5, meaning that an average of 7.5
frames should be transmitted over the network and decoded by
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Casel)k > N, kmod N =0

In this case, all the P-frames are dropped, only the
nonskipped I-frames are transmitted and decoded.
No extra frames need to be transmitted for decoding
the I-frames. Thereforéy ans = 1.

Case2)k > N, kmod N # 0

As mentioned above, the decoding pattern will
repeat every;/L GOPs. During each period, there
are N/L frames to be requested for display. For the
ith requested frame in each periad£ 0 to N/L —

1), a total of (i x k) mod N + 1 (where ‘nod”
stands for the modular operation) frames need to
be transmitted and decoded. The average number of
frames to be transmitted and decoding for displaying
one frame is

I N/L-1
Nirans(k, N) = ~ > ((ix k) mod N +1)
1=0
I N/L-1
=~ ;(zxLH). (1)

the decoder for the requested frame in the random-access modge. 32<k<N—1,Nmodk0

B. Fast-Forward Play

Suppose framéeV; is the starting point of the fast-forward
operation, and: is the fast-forward speed-up factor (i.e., for
k =6, only one out of six frames will be displayed). Since the
next frame to be displayed &, the server may send the
framesiV; 11 Nj4o ... N,4i, S0 thatk frames will be received
by the client side to decode the fram&$,, N;1o - - Njts
(but just displays the fram&/;_ ).

In fact, the server may not need to transmit so many frames.
For example, consider the case

9 14 15 16 17 18 19
---P P PP PIT P P P P P..

where frame 9is the current displayed frame, and frame 15 is the
next frame to be displayed under the fast-forward méde ).
Apparently, there is no need to send frames 10-13, since they are
not needed for the decoding of frame 15. Therefore, the server
can just send frames 14 and 15.

It is useful to derive a closed-form formula to show the im-
pact of the fast-forward play on the decoding complexity and
network traffics. One difficulty is, similar to the random-access
operation, the start point of the fast-forward mode can be any
frame in a GOP. However, it is reasonable to assume that the
start point of a fast-forward operation is an I-frame, since we

In a GOP with an I-P structure, a P-frame needs
not be sent only if all its following P-frames will not
be displayed at the client decoder. Therefore, in the
first GOP (assuming the start point is an I-frame),
the number of frames needs not be transmitted is
N mod k. Similarly, the number of the P-frames
which need not be sent in thigh GOP, wherd <
j < k/L,is (j x N)mod k — 1. Thus, the total
number of frames that need not be transmitted in the
k/L GOPs is

k/L—1

Naap(k, N)= > ((5x N) mod k — 1)

j=1
k/L—1
= Y (GxL-1. @)
j=1
If N andk are coprime (i.e.L = 1), the above
equation becomes
k—1
Nskip(k) = (J - 1) (3)
j=1
Note that, in the case tha¥ and & are coprime,
(3) holds for any start points (not necessarily an
I-frame).

can always jump to the nearest I-frame first which will not cause In case 3, the average number of frames that need to be trans-
unpleasant effect in viewing the video in most practical applicanitted and decoded for displaying a requested frame can be ob-
tions. Note that, with this assumption, afief. GOPs, where tained by subtracting the nontransmitted frames from the total
L = ged(k, N) stands for the greatest common divisok@ind number of frames, and then dividing it by the total number of
N, the frame to be displayed will again be an I-frame. Therérames to be displayed. That is

fore, the decoding pattern will repeat everyl, GOPs (i.e.,
lem(k, N) frames, wheréem(k, V) is the least common mul-
tiple of £k and V). We can thus derive an analytical closed-form
formula based on the periodicity. In the following, we divide
different combinations oV andk into three classes and derive L

the closed-form formula, respectively. =k = & Nawip(k, N). (4)

_ % x N — N';kip(ka N)
Ntrans(k7 N) = If N
L%
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In summary, the average number of frames need to be tra g ,

mitted and decoded for a requested frame can be expresse £ | ) | | ‘ ' ' ' 4
closed-form as follows: 2 L
_ o6 o <
Ntrans(ka N) -'S @/,v
(1 k=1lorkmod N =0 § -
L k/L—l -E 51 //,w
. K} o
k—NZ(zxL—l) 2<k<N-1 z |
= =1 ®» 4- .
[ Lot g
~ Y (ixL+1) k>N kmod N#0. 8 2
\ =0 ° -
® 5
E ol
Equation (5) suggests that,/¥ is relatively large compared 22
to k, Nians WIill grow almost linearly as: increases, thereby %
leading to a linear increase of the decoding complexity and t g 1 ‘ ] ‘ w ‘ : . . \
. 2 3 4 5 6 7 8 9 10 11 12
network traffics. <

Speed-up factor
The above analyses can be extended to the case win

B-frames. The main difference from the above analyses Ag.2. Average number of frames that need to be sent for decoding a frame
that, to decode a B-frame, we only need to decode the relatéi respect to different speed-up factors in fast-forward play.
I-/P-frames; the other B-frames do not need to be transmitted
or decoded. Therefore, the number of frames that need to 22 , ‘ : ‘ ‘ ‘ ,
transmitted and decoded for displaying one frame for GOI D
with the general I-B—P structure is in general less than the | | - |
case. However, the analysis is very similar to the above. F__ 15| e
simplicity of discussion, we assume thak: N, and divide it
into two cases. Again, we assume the start point is always
I-frame.
Case 1)k is a multiple of A (where M is the distance be-
tween the |-P or P-P frames)
In this case, all the B-frames need not be tran:
mitted and decoded. Equation (5) can be applied t
replacingk and N with k/M and N/M, respec-
tively.
Case 2)k is not a multiple ofdA
In this case, (2) should be modified as follows:
k/L—1 2 CI% 4‘1 5 é 7‘ é é 1b 11 12
Naip(k, N) = > (ix L—1)+ Np_skip — Np_decoden (6) Speed-up factor
=1

Average bit-rate (Mbits/sec)
® > ORI >
o}
&}

o
T

Fig. 3. Average bit-rates for sending the “Mobile and Calendar” sequence over
where Np_xip represents the number of B-framesietwork with respect to different speed-up factors in fast-forward play.

that need not be decoded, aNg_g.co1er represents

the number of P-frames need to be transmitted apgs “Mobile and Calendar” video stream with respect to dif-
decoded for decoding the B-frames in those GOPgyent speed-up factors. From the above analysis, in the fast-for-
in which the last displayed frame is a B-frame. It igyard/hackward and random-access operations, the server needs
difficult to find closed-form representations for they, send several extra frames to the decoder to display one frame,
second and third terms at the right hand side of thferepy resulting in a heavy burden on the network (especially

above equation. Computer simulations can be Us@fhen the number of users is large) and increasing the decoder
to determine the numbelSp i, aNAdNpP_decodeB complexity.

for different combinations olv, M, andk.

Fig. 2 shows the average number of frames that need 10 B¢ SUPPORTINGFULL VCR FUNCTIONALITY WITH MINIMAL
sent and decoded for decoding a requested frame with respect  NETwWORK BANDWIDTH AND DECODEREFEORT

to different speed-up factors in the fast-forward operation. The ) ) )

test MPEG bitstream used for simulation is the “Mobile and Caft- Pu@l Bitstreams with Least-Cost Frame Selection

endar” sequence with a length of 280 frames (20 GOPs in ourTo solve the problem of the backward-play operation, we pro-
example), which was encoded at 3 Mbits/s with a frame-rate pdse to add a reverse-encoded bitstream in the server[20], i.e., in
30 fps with an I-P structure. The start points are randomly getite encoding process, after we finish the encoding and reach the
erated. Fig. 3 depicts the average bit-rates required for sendiast frame of the video sequence, we encode the video frames in
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the reverse order to generate a reverse-encoded bitstream. [iothihe reverse-encoded bitstream. To minimize the number of
server only has the forward bitstream (i.e., the original sequerfcames sent to the decoder, the costs can be the distances from
is unavailable), we can decode the forward bitstream up to twlee possible reference frames to the next requested frame. To
GOPs each time in the reverse direction (i.e., from the last G@#nimize the network traffics, the costs can be the numbers of
to the first GOP) then re-encode the video in the reverse ordeits from the possible reference frames required for decoding
The generation of the reverse bitstream is done off-line. For sithe next requested frame. The bit-rate calculation can be done
plicity of the presentation, in this paper, we use an examplesimply by recording the number of bits used for each encoded
which the video is coded in I-/P-frames with a GOP size of 1#fame in the metadata file in the pre-encoding process, and sum-
frames, as is shown below. The extension of our discussionning up the bit-rates of those frames to be sent. In general, a
the case with the general I-B—P GOP structure is straightféarger number of frames to be sentimplies heavier network load.
ward. However, it also depends on the numbers of I-, P-, and B-frames
In the diagram shown at the bottom of the page, we arrangebe sent since the numbers of bits produced by these three
the encoding so that the I-frames in the reverse bitstream &rpes of frames vary greatly. It is also possible to use different
interleaved between I-frames in the forward bitstream. In thigeights to combine the two costs according to the channel con-
way, the required number of frames sent by the server adition and the client capability. Based on the current play-direc-
decoded by the decoder can be further reduced as will tien, the requested mode, and the cests:, cr_r1, andcr_rr,
explained later. Alternatively, the I-frames in both streantte reference frame to the next requested frame with the least
can be aligned to save storage, since the two I-frames in g@st will be chosen to initiate the decoding. This will also deter-
forward and reverse bitstreams are the same, and only neethioe the selection of the next bitstream and the decoding di-
be stored once. Two metadata files recording the location of treetion. This least-cost criterion will only be activated in the
frames in each compressed bitstream are also generated soféisttforward/backward and the random access modes to avoid
the server can switch from the forward-encoded bitstream ftequent bitstream switching in the normal forward/backward
the reverse-encoded bitstream and vice-versa easily. |-franogerations.
represent the points of access to decode the sequence frorfo illustrate the scheme, we use the example in Section Il
any arbitrary position. With the reverse-encoded bitstreamgain, assuming that the previous mode was backward-playing
when the client requests the backward-play mode, the seraed the requested mode is fast-backward with a speed-up factor
will stream the bits from the reverse-encoded bitstream. Usin§j6, which needs to display a sequence of frame numbers 20,
this scheme, the complexity of the client machine and tHe, 8, 2. For simplicity, in the following examples shown at the
required network bandwidth for the backward-play mode cdmttom of the next page, we use the minimum decoding distance
be minimized. The storage requirement of the server will witerion to illustrate the selection of the next reference frame
about doubled. However, this is usually much more desiraldad the effectiveness of the proposed method.
than to require a large network bandwidth and to increase thelThe algorithm will operate as follows.
complexity of the client machine since the network bandwidth 1) The current position is frame 20, which was decoded
is more precious and there may be a large number of client ma-  using the reverse bitstreark)
chines in the streaming video applications. Since the encoding2) Frame 14 will be decoded from the forward bitstread (
of the video is done off-line and can be automated, the extra  directly since it is an I-frame.
time needed in producing the reverse encoded bitstream is noB) Frame 8 will be decoded from frame 7 of the backward
an important concern. bitstream, since the distance between frame 7 of the
To reduce the decoding complexity and the network traffics  reverse bitstream (an I-frame) and the requested frame
in the fast-forward/backward and the random access modes, we (frame 8) is less than the distances between the requested
propose a frame-selection scheme which minimizes a prede- frame and the current decoded frame (frame 14 of the
fined “cost” using bitstream switching. The cost can be the de-  reverse bitstream), and the closest I-frame of the forward
coding effort at the client decoder or the traffic over the net- bitstream (it's also frame 14). Note that in this case, we
works, or a combination of both. This is further explained as  use frame 7 of the reverse bitstream (an I-frame) as an

follows. approximation of frame 7 of the forward bitstream (a
Let cr_¢ stand for the cost of decoding the next requested  P-frame) to predict frame 8 of the forward bitstream.
P-frame from the current displayed frameg, r; stand for the This will cause some drift. However, in the fast-for-
cost of decoding the next requested P-frame from the closest ward/backward modes, the drift is relatively insensitive
I-frame in the forward bitstream, angk_ gt stand for the cost to human eyes due to the fast change of the content

of decoding the next requested frame from the closest I-frame  displayed. Also, any I-frame in the play will terminate

iprpPPPPPPP P PP PIPPPPPP P P P forwardbitstream
ppPPPPPPIPP P PP PP PP PP PP I P P reversebitstream
0123456 78 91011 12 13 14 15 16 17 18 19 20 21 22 23 frame number
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the drift. The drift problem will be further investigatedposed scheme will guarantee that the maximum amount of de-
in the next section. coding to access any frame in the sequence is lessAhyan
4) Frame 2 will be decoded from frames 0 and 1, using tlieames if the I-frames in the forward and the reverse bitstreams
forward bitstream, since the decoding effort from framare interleaved. In addition, no large temporary buffer is re-
0 of the forward bitstream (an I-frame) is the minimum.quired in the decoder. If the I-frames in the forward and the re-
The bitstream sent from the server will have the followingerse bitstreams are aligned, the maximum amount of decoding

form: to access any frame will be less thaff2 frames.
P 1 I P L PP frame type g pe formance Analysis of the Proposed Dual-Bitstream
20 14 7 8 0 1 2... frame number Least-Cost Method
R F R F F F F.. selected bitstream

In the following, we analyze the performance of the proposed

The frames indicated by the bold-face are those to be digethod using the minimum decoding distance criterion for the
played at the client side. In this way, we only need to send afghdom-access and the fast-forward/backward modes.
decode 6 frames. Without the minimum effort decoding scheme,1) Random AccessA typical structure of the system with
we will need to send and decode 13 frames from the reverse bitral bitstreams is shown in the second example at the bottom
stream. of the page, where both the forward bitstream and the reverse

In the case of random access, frame skipping will be pasitstream have the same GOP structure with the lengtN of
formed followed by normal forward-play. For example, th@s in the analysis in Section II, we label the frames in the GOP,
client requests random access to frame 22 when the curr@iiere the requested frame lieslad, 2, ..., N —1, frameN;

decoded frame is frame 3. With the proposed method using i8&he random access poitiz  is the position of the I-frame in
minimum decoding distance criterion, the server streams tig reverse bitstream.

bitstream as follows: In this case, the frames to be transmitted for decoding frame
P I P P P.. frame type N; will be decided by two distance measures, one is the distance
from frameN; to the nearest | frame in the forward bitstream,
3 21 22 23 24.-- frame number d the oth J dist is frofd. to th ¢ 1f i th
F R F F F-.. selected bitstream and the other distance is frond; to the nearest I-frame in the

reverse bitstream.

In this example, we only need to send and decode two framed\ssumeN; € [0, N — 1], Ny is in the range of1, N — 1].
to reach frame 22. Without our proposed least-cost schemef-@ simplicity but without loss of generality, we assume that
will require to send and decode nine frames from frame 14 (2h IS even andVg; is odd as in our previous example. We can
I-frame) using the forward bitstream. Again, in this example, fétbserve that:
frame 21, we use the I-frame in the reverse bitstream to approx-1) the minimum number of total frames to be sent over the
imate the P-frame in the forward bitstream. This will cause drift ~ network is 1 (whenV; = 0 or N; = Nrgi);
but the drift will only last a few frames within the GOP (afrac- 2) the maximum number of total frames to be sent over the
tion of a second) since the video content will be refreshed by  network is
the I-frame in the next GOP. Thus, it should not be a problem.

If the minimum decoding distance criterion is used (i.e., to Ngr—1 N —1— Ngy1
minimize the number of frames sent to the decoder), the pro- mHax < 2 +1 2 - 2)

?

Frame No. 0123456 7 89 1011 12 13 14 15 16 17 18 19 20 21 22 23
F ->>IppPPPPPPPPPPPPTIPPPPPPPPP
R <-PPPPPPPIPPPPPPPPPPPPPTITUPP

FrameNo.0O 1 2 3 4 56 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
decoding direction

F IprPPPPPPPPPPPPTIPPPPPPPP P..

decoding direction
R rpPPPPPPIPPPP PP P P PPPPPTITUP P..

N; Nrr
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3) the average number of total frames to be sent over the
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requested frames. The average number of frames

network is transmitted for decoding a requested frame is
(Nri—1)/2 . Nz . LN/AL] LN/2L]
N — i (NVrr — 1) — . N .
Ntrans—1+ Z N+ Z T Ntrans:]-‘i‘w Z 'LXL"‘ Z <5—'LXL>
=0 i=(Nr1+1)/2 T i=0 i=|N/4L]+1
(Nr1—1+N)/2 . N-—1 .
('L — NRI) (N — 'L) [3N/4L)
D S f oy ()
i=Ngi+1 i=(Ngi+14+N)/2 i=|NJaL) 41 2
2 2
:1+2NRI—2NNRI+N —2' N/L-1

4N

By taking the derivative with respect fér;, we can find that
whenNg; takes the odd number closestYg2, Ni,.,s can take
the minimum value of

1+E—i, <g:0dd>

1+N N_
3 5 —even).

For example, whetV = 14, Nr1 = 7, Nypans = 2.71,
meaning that an average of 2.71 frames should be transmitted to
decode one requested frame in the random access mode. Appar-

ently, this is much better than the case in Section Il (7.5 frames Newane =1 + —

without our scheme).

2) Fast Forward-Play: In the proposed method, when the
speed-up factok is larger thanV /4, the server always can find
an I-frame in one of the two bitstreams which has a shorter dis-
tance to the next displayed frame from the current displayed
P-frame, since the distance for the nearest I-frame is guaran-
teed to be equal to or less th&//4. In this case, the number
of frames to be sent for displaying a requested frame will have
arange of {, N/4 + 1). It is difficult to derive a closed-form
formula to calculate the average number of frames transmitted
and decoded for each requested frame for geréahdi cases
with any start points. For simplicity of analysis, in the following,
we assume the start point is an I-frame in the forward bitstream
and only consider the case that> N/4.

Since the start point is an I-frame, the requested frames will

=1+5 > ixL+

o

i=|3N/4L|+1

(N—-ix L)

LN/4L) LN/2L)

Z <g—ixL>

i=0 i=|N/4L)+1
()

where| X | represent the largest integer smaller than
X. Itis interesting to note that, whel and% are
coprime (i.e.,L. = 1), N ans iS only a function of

N regardless of the values bf The above equation
becomes

2L

LN/4) N/2
N
v S (5
7=0 z:L]\’/LLJ—l—l
N N .
14—, — iseven
_ 8 2 @)
1+ N ! N is odd
8 2N’ 2 '

In fact, for the cases thal andk are not coprime,
the results of (7) and (8) are still very close. There-
fore, the simple formula in (8) can be applied in most
of the cases thaV is even.

Case 2)N is odd

Similar to the above derivation, we can obtain the
following formula:

L(N—-1)/4L]
again become I-frames eveky L GOPs, meaning thatthe de-3y,  _1 4 — Z ix L
coding pattern will repeat everyy/ L GOPs. The distance be- N Pt
tween theith requested frameé & 0, 1, ...) and its proceeding L

I-frame is¢ x k£ mod N, which is a multiple ofL. No distances
will be the same in a period, otherwise we can find a shorter pe-
riod and it's a contradiction. Therefore we can conclude that, in
aperiod oft /L GOPs, there are a total 8f/ L requested frames
with equally spaced distances, $ay., 2x L, ..., (N/L—1)x
L frames away from their nearest proceeding I-frames. Based
on this property, we can derive closed-form formulas to calcu-
late the average number of frames transmitted for decoding a
requested frame. We divide the analysis into two classes.
Case 1) N is even
In this case, everyV/2 frames there is an I-frame

(in either the forward or the backward bitstream,

when the I-frames are interleaved) which can be used

as an anchor frame to initiate the decoding of the

L(V—1)/2L]
N -1
oy (T . L)

i=|(N—1)/4L]+1
LB(N—-1))/4L) < N — 1)
ix L — —

+
i=|(N=1)/2L]+1

N/L—1
+ > (N—ixL)|. (9
i=|(3(N—1))/4L]+1

When N andk are coprime, the above equation be-
comes
N 1

Nopams =1+ = — —, 10
k TS sy (10)
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We have simulated the situation of the |-P structureo= g 7
& |l - - | )
;! —>— Dual bit-streams with the proposed method | LD

14 with a number of randomly generated start points. Two bit&

streams generated by forward and reverse encoding the 2{g = Forward bitsteam only N
frame “Mobile and Calendar” test sequence at 3 Mbits/s with th | =

frame rate of 30 fps with an |I-P structure are used for the sing
ulation. Fig. 4 shows the comparison of the average number & 5¢
the frames transmitted to the decoder for decoding a reques' s
frame with and without the proposed dual-bitstream least-co§
method with respect to different speed-up factors in the fast-fo
ward operation. The simulation result is very close to the valt €
2.71 calculated by using (8) withh = 14 when the speed-up
factork > N/4. The fast-backward play case will also have g
similar result. Fig. 5 depicts the comparison of the average big ,
rates required to send the video stream with respect to differe 2
speed-up factors. Note that, with the proposed method, when %
speed-up factor reaches arouNig4 (e.g., 3.5inourexample), ¢ 2 3 4 s s 7 8 s 10 11 12

the decoding complexity and the network traffic will not con-< Speed-up factor

tinue to grow even when the speed-up factor gets higher. Com-

pared to the results in Section I, it is obvious that the proposE@- 4. Estimated number of frames to be sent for decoding a frame using the
method can achieve significant performance improvement %Oposed method with respect to different speed-up factors.
terms of the decoder complexity and the network traffic load

of frame
w

When the speed-up factbr> N/4, the proposed method guar- | [~ Dual bitstreams with the proposed method | ]
antees a nearly constant decoding and network traffic cost. 20}\ + Forward bit-stream only | o
&
S 18.“ o
IV. DRIFT COMPENSATION o .
B 16 - -

As mentioned above, in the proposed scheme, |- or P-fram 3 o
of one bitstream may be used to approximate P-frames of tI% 144
other bitstream. This approximation, however, will lead to framl‘“«;
mismatch and thus cause drift when the approximated fram s
are used as the reference frames to predict the following P-/I § 10l
frames as illustrated in Fig. 6. In Fig. 6, the “Mobile and Cal-
endar” sequence is encoded at a fixed quantization s€ate ( |
16) and a fixed bit-rate (3 Mbits/s), respectively. The GOP siz sl -
is 14 and the speed-up factor is 6. As shown in Fig. 6, when tt §
server performs an I-to-P or a P-to-P approximation by usin 4
the proposed bitstream switching, there is a PSNR drop. Fig. 2
suggests that the drift caused by the bitstream switching can ue
as large as 2.5 dB and will last until the next I-frame. Howeveftig 5. average bit-rates to send the “Mobile and Calendar” sequence over
the subjective degradation observed is not significant, since tie@vork using the proposed method with respect to different speed-up factors.
fast display speed in the fast forward/backward modes will mask
most of the spatial distortions. and

In the random access mode, the drift will only last a few
frames within a GOP, and thus will not cause serious degrada-
tion. In the fast-forward/backward mode, the drift is relativel
insensitive to human eyes due to the fast changes of the con

displayed. However, in some applications, it may still be desir- . . o .
id Pp y rforming the bitstream switching, the correctly predicted

able to prevent the drift. The drift problem can be resolved . o
adding two bitstreams consist of all P-frames for the drift-conf.2Me IS used for switching between the forward and the reverse

pensated bitstream switching. This is further explained using t?gstreams. For example, if the bitstream is switched f oM
example shown at the bottom of the next page, wiiei& isa ‘2" |- or P-frame) td?,, _, (?RP-frame), then the server will send
bitstream used for switching from the |- or P-frames of the fthe frames as.., Fr, Dy, fin_s, .., instead of sending
ward bitstream to the P-frames of the reverse bitstream, whilg ’

F,., R, 1, Ry, 2, .... With the two drift correction
DFEF is used for switching from the I- or P-frames of the re- itstreams, the proposed method will generate a bitstream for
verse bitstream to the P-frames of the forward bitstream. T

mae fast-reverse example in Section IlI-A as follows:
bitstreamD* is obtained as follows:

12

O]

Aver:

8

6 7 8 9 10 11 12
Speed-up factor

w
» L
o\

DX —Pred(R,,, Fy1) (12)

n?rePred(A, B) represents an inter-frame prediction process
at frameB is predicted from the reference frame When

P I I P I P P.. frame type
20 14 7 8 0o 1 2... frame number
DR =Pred(F,, R, 1) (11) R F R DRY F F F.. selectedbitstream
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Mobile & Calendar, CIF, Qscale=16, GOP=14, only land P pictures

2 coded, there will be no drift. Otherwise, there will be small drift.

" reverse bitstream The drift will depend on the quantization step-size used in the

‘ 34 encoding. A finer quantizer will lead to lower drift, while in-
°°”°“ creasing the storage for the drift compensation bitstreams. Since
: the encoding process to obtain all the bitstreams is done off-line
in streaming video applications, the encoding complexity is not
a major concern.

It should be noted that if the I-frames of the two bitstreams
are interleaved, and the speed-up factor is high enough (e.g., the
frame-skipping distance N/4), in the proposed method, only
replacing P-frames with I-frames will be sufficient, because we
always can find an I-frame in one of the two bitstreams which
—4— proposed has shorter distance to the next requested frame than the current
-4 reverse PSNR . .
-0~ forward PSNR decoded P-frame. In this case, we only need to store the drift
‘ ‘ ‘ ( ‘ ] ‘ compensation frames for all the I-frames of both bitstreams. In
0 5 10 15 20 25 30 35 40 the fast-forward/backward operations with small speed-up fac-

Frame number tors (e.g., 2 or 3); however, the proposed least-cost scheme has
(a) limited gain on the decoding complexity and the network traf-
Mobile & Calendar, CIF, 3Mbps, GOP=14, only |and P pictures fics as shown in Figs. 4 and 5. Thus, a possible low-complexity
‘ ‘ | ‘ ‘ ‘ solution for the fast-forward/reverse play is

‘ foma}d bitstream
SN
4 \
Oo-g‘f ey
¥ -o\;o
5 X

AN
32

31.5¢

PSNR

31

proposed
method

P T

30.5

30

32

—#§— proposed !
--#-- reverse PSNR
—o- forward PSNR

if k< N/4
use dual bitstreams without performing
bitstream switching

forward bitstream
reverse bitstream

0o else
30| g

PSNR

use bitstream switching with+> P

205| drift-compensation only.

proposed

9y method

Using this modified scheme, only the drift-compensations for
the | —> P frames need to be created, thus the storage cost
for the drift compensation frames can be reduced drastically
without significant performance sacrifice in typical MPEG ap-

0 5 0 . 15 20 2 30 s 4 plications.
Frame number

28,51 »

28

() V. IMPLEMENTATION OF AN MPEG-4 VIDEO STREAMING

Fig. 6. PSNR comparison of the forward bitstream, the reverse bitstream, and SYSTEM WITH FULL VCR FUNCTIONALITY
the bitstream generated using the proposed method in the fast-forward modgy/e have implemented an MPEG-4 [20] video streaming
for the “Mobile and Calendar” sequence, the GOP size is 14, and the Speed-L)J/) d h ffecti f h Fig. 7
factor is 6. (a) Sequence is quantized at a fixed quantization €catel6. (b) S stem to demonstrate the effectiveness of our sc eme_. 'g_-
Sequence is encoded at 3 Mbits/s. illustrates the overall structure of the system and depicts its
major functional blocks.

SinceDRF s the encoded based on the decoded frames fromiThe client station is connected to the remote video server over
the forward and the reverse bitstreams, the drift can be coan IP network and requests access to a compressed video se-
pensated very well. If the prediction errors of the drift-comguence. Two logical channels are established between the server

pensated predictive frames ID*F and DFF are losslessly en- and the client: the data channel and the control channel. The

FrameNo.O 1 2 3 4 56 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

decoding direction
DF* PPPPPPPPPPPPPPPPPPPPUPUPUPTP

g repprrPrPPPPPPP PP I PP PPPP PP P..

decoding direction
R ppPpPPP PPIPPPP P P P P PP

DY pPPPPPPPPPPP PP PPPP

aeilav]
aeilav]
aeilav]
WU o
aeilav]
aeilav]
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SERVER CLIENT
= .-"'. ""-.
Object { Scene
Decoder % Composery
' - . Y I e /
: N retwork /HPEG
VCR \gpi System N - apd <
anager, > Network ¢ . Network §
™., Server,.

— User Data Flow
D R— VCR control flow

Fig. 7. System architecture of the proposed MPEG-4 video streaming system The MPEG-4 Player provides the user interface and displays videdyrames sen
the server according to the user’s requests. In Fig. 8, we show a screen shot of the MPEG-4 Player, which illustrates the user interface for the étibWatiR/f

HTTP

Browse content table i WEB Server

Request video

yvyY.

< RTSP server info
RTSP

Session Layer : SETUP
(DMIF Instance)

Control (PLAY, FF, FB, PAUSE,..)

TEARDOWN Video Server

Transport Layer A : RTP for video transport
{TransMux)

A A

RTCP for monitoring

Fig. 9. Protocol framework of our system.

The MPEG-4 System Network Server manages the network
connection. The Bitstream Manager maintains the record of the

el Fiame

S = : ' video bitstreams, and the VCR Manager handles the frame-
o : i number generation for the frame to be transmitted over the net-
Rty ' o work.
In our protocol implementation, we use the Real Time
Fig. 8. MPEG-4 Player. Streaming Protocol (RTSP) [17], which is a client—server

application-level protocol for controlling the delivery of data

server delivers the requested MPEG-4 bitstream through { gh rt_aal-nme properties. It _estabhshes "?‘”d controls tlme_-syn-
onized streams of continuous media such as audio and

g?;anﬁzlannel and receives VCR commands through the Conf/ricc)iieo. It uses transport protocols such as UDP, multicast UDP,

) N . . TCP, and Real-time Transport Protocol (RTP) to deliver the

As shown in Fig. 7, the video server consists of a VCR Man-_"_ ! . . . .

. continuous streams. The video data is delivered using the RTP

ager, a Bitstream Manager, an MPEG-4 System Network Servi r] [19]. This has been implemented as an instance of the
and a Video Database. The client station consists of an MPE(§-§ ' . P

Player, an MPEG-4 Object Decoder, a Scene Composer, anM”: in the MPEG-4 Systems. The protocol framework of the

an MPEG-4 System Network Client. The client station will ac|_mplemented MPEG-4 streaming system is shown in Fig. 9.

cess the video server and interactively retrieve a video sequence
through the Graphic User Interface of the MPEG-4 Player.
According to the specific VCR function that the user selected
through the user interface, the Player generates the requestdd this paper, we discussed issues in implementing an MPEG
frame-number and sends it to the MPEG-4 System Netwovideo streaming system with full VCR functionality. We showed
Client. The MPEG-4 Object Decoder receives the corréhat when the users request reverse-play, fast-forward/reverse-
sponding bitstream from the MPEG-4 System Network Clierpjay, or random-access, it may result in much higher network
performs the decoding procedure of the received bitstream, araffics than the normal-play mode. These trick modes may also
transfers the decoded frames to the MPEG-4 Player (see Fig.r8jjuire high client machine complexity. We proposed to use a

VI. CONCLUSION
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reverse-encoded bitstream to simplify the client terminal comf20] C.-w. Lin, J. Youn, J. Zhou, M.-T. Sun, and I. Sodagar, “MPEG video
. . Software Eng.Taipei, Taiwan, Dec. 2000.

ment. We proposed a minimum-cost frame-selection scheme

which can minimize the number of frames needed to be sent over

the network and to be decoded. We proposed a drift-compensa-

tion scheme to limit the drift. We also described our imp|eme,@hia-Wen Lin (S'94-M’00) received the M.S. and Ph.D. degrees in electrical
ineering from National Tsing Hua University, Hsinchu, Taiwan, in 1992 and

. . . en
tation of an MPEG-4 video streaming system. We sh_owed th@go‘ respectively.
with our proposed scheme, an MPEG-4 video streaming systerte joined the Department of Computer Science and Information Engineering,

with full VCR functionality can be implemented to minimizeNational Chung Cheng University, Taiwan, in August 2000, where he is cur-
rently an Assistant Professor. Before that, he was a Section Manager of the CPE

the requ'red network bandwidth and decoder compIeX|ty. and Access Technologies Department at the Computer and Communications
Research Laboratories, Industrial Technology Research Institute (CCL/ITRI),
Taiwan. During April to August 2000, he was with the Information Processing
Lab, Department of Electrical Engineering, University of Washington at Seattle,

The authors would like to thank J. Xin for providingas a \ﬁsiting_ Schola_r. He has si_x patents pending_ and more than 30 tephnical
apers published. His research interests include video coding, multimedia tech-

some simulation results, and the anonymous reviewers ogies, and digital transmission systems design.
their helpful comments, especially on the derivation of theDr. Lin received a Research Achievement Award from ITRI in 2000.
closed-form formula for the fast forward-play analyses.
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