VARIABLE BIT RATE VIDEO¬ CHARACTERISTICS⇔ MODELING AND MULTIPLEXING

D⊣\⟩⌉↕ R⌉⟩\⟩\}⌉∇ D⊣⊑⟩⌈ S⊣∇\≀{{ R⌉⊣∫⌉⊣∇⌋⟨ C⌉\⊔⌉∇ P∇⟩\⌋⌉⊔≀\⇔ NJ ′∀▽△∋↖▽∋′′

B⌉\|⊣⇕⟩\ M⌉↕⊣⇕⌉⌈ D⟩√⊣\‖⊣∇ R⊣†⌋⟨⊣⊓⌈⟨⊓∇⟩ B⟨⊣∫‖⊣∇ S⌉\}⊓√⊔⊣ C↘C R⌉∫⌉⊣∇⌋⟨ L⊣⌊≀∇⊣⊔≀∇⟩⌉∫ NEC USA⇔ I\⌋↙ P∇⟩\⌋⌉⊔≀\⇔ N⌉⊒ J⌉∇∫⌉† ′∀▽△′

∞ SOURCE MODELING

T⟨⟩∫ ∫⌉⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ TES ∫≀⊓∇⌋⌉ ⇕≀⌈⌉↕ {≀∇ MPEG↖⌋≀⌈⌉⌈ ⊑⟩⌈⌉≀⇔ ⊓∫⌉⌈ ⟩\ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ∫⊔⊓⌈†∅ TES ⇕≀⌈⌉↕∫ {≀∇ ≀⊔⟨⌉∇ ⊑⟩⌈⌉≀ ⌋≀⌈⟩\} ∫⌋⟨⌉⇕⌉∫ ⇕⊣† ⌊⌉ {≀⊓\⌈ ⟩\ ∪∀⊎↙ T⟨⌉ ⇕≀⌈⌉↕ ⊒⊣∫ ⌋≀\∫⊔⊓⌋⊔⌉⌈ ⊣∫ ⊣ ⌈⌉⊔⌉∇⇕⟩\⟩∫⊔⟩⌋ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ≀{ ⊔⟨∇⌉⌉ ⌋≀⇕√≀\⌉\⊔ ∫≀⊓∇⌋⌉ ⇕≀⌈⌉↕∫⇔ ≀\⌉ ⌉⊣⌋⟨ {≀∇ ⊣ ∫⊓⌊∫⌉∐⊓⌉\⌋⌉ ≀{ I↖{∇⊣⇕⌉∫⇔ P↖{∇⊣⇕⌉∫ ⊣\⌈ B↖{∇⊣⇕⌉∫↙ T⟨⌉ ⌋≀⇕√≀\⌉\⊔ ⌊⟩⊔ ∇⊣⊔⌉∫ ⊒⌉∇⌉ ⊔⟨⌉\ ⟩\⊔⌉∇↕⌉⊣⊑⌉⌈ ⇐∫⊓√⌉∇√≀∫⌉⌈⇒ ⟩\ ⊔⟨⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ MPEG ⌋†⌋↕⌉∫ ⊣∫ ⌉§√↕⊣⟩\⌉⌈ ⌊⌉{≀∇⌉↙ E⊣⌋⟨ ⌋≀⇕√≀\⌉\⊔ ∫⊓⌊∫⌉∐⊓⌉\⌋⌉ ⊒⊣∫ ⊣⌋⌋⊓∇⊣⊔⌉↕† ⇕≀⌈⌉↕⌉⌈ ⊣∫ ⊣ TES √∇≀⌋⌉∫∫∅ ⊔⟨⌉ ⌈⌉⊔⊣⟩↕∫ ≀{ TES √∇≀⌋⌉∫∫ ⊔⟨⌉≀∇† ⇕⊣† ⌊⌉ {≀⊓\⌈ ⟩\ ∪⇎ ∋⇔ △⇔ ▽⊎⇔ ⊣\⌈ ⊣\ ≀⊑⌉∇⊑⟩⌉⊒ ⊣⊔ ⊣\ ⟩\⊔∇≀⌈⊓⌋⊔≀∇† ↕⌉⊑⌉↕ ⟩\ ∪⊎↙ T⟨⌉ ∫⌉⌋⊔⟩≀\ ⟩∫ ≀∇}⊣\⟩‡⌉⌈ ⟩\ ⊔⊒≀ ∫⊓⌊∫⌉⌋⊔⟩≀\∫↙ T⟨⌉ ⊘∇∫⊔ ∫⊓⌊∫⌉⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ TES ⇕≀⌈⌉↕ ⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ≀{ ⌋≀⇕√≀\⌉\⊔ ⌊⟩⊔ ∇⊣⊔⌉ ∫⊓⌊∫⌉∐⊓⌉\⌋⌉∫ {≀∇ ⌉⊣⌋⟨ ⊔†√⌉ ≀{ {∇⊣⇕⌉↙ T⟨⌉ ∫⌉⌋≀\⌈ ∫⊓⌊∫⌉⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ⌋≀⇕√≀∫⟩⊔⌉ ⇕≀⌈⌉↕ ⊣\⌈ √∇⌉∫⌉\⊔∫ ⊔⟨⌉ ⇕≀⌈⌉↕⟩\} ∇⌉∫⊓↕⊔∫↙

∞↙∞ TES M≀⌈⌉↕⟩\} ≀{ C≀⇕√≀\⌉\⊔ F∇⊣⇕⌉ T†√⌉∫ W⌉ ⌊⌉}⟩\ ⌊† ⌈⌉∫⌋∇⟩⌊⟩\} ⊔⟨⌉ }⌉\⌉∇⟩⌋ ⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ≀{ TES ⇕≀⌈⌉↕∫ {∇≀⇕ ⌉⇕√⟩∇⟩⌋⊣↕ ⌊⟩⊔ ∇⊣⊔⌉ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ≀{ MPEG↖⌋≀⌈⌉⌈ ⊑⟩⌈⌉≀↙ TES ⇕≀⌈⌉↕⟩\} ⌈⟩{{⌉∇∫ {∇≀⇕ ≀⊔⟨⌉∇ ⇕≀⌈⌉↕⟩\} ⊣√√∇≀⊣⌋⟨⌉∫ ⟩\ ⊔⟨⊣⊔ ⟩⊔ ⊣⟩⇕∫ ⊔≀ ⊘⊔ ⊣ √∇⌉∫⌋∇⟩⌊⌉⌈ ⇕⊣∇}⟩\⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\ ⊣\⌈ ⊣ √∇⌉∫⌋∇⟩⌊⌉⌈ ⊣⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\ {⊓\⌋⊔⟩≀\ ∫⟩⇕⊓↕⊔⊣\⌉≀⊓∫↕†⇔ ⊑⟩⊣ ⊣ ∫⊔⊣⊔⟩≀\⊣∇† ∫⊔≀⌋⟨⊣∫⊔⟩⌋ √∇≀⌋⌉∫∫⇔ ⊔⟨⌉∇⌉⌊† ⌋⊣√⊔⊓∇⟩\} ⌊≀⊔⟨ ⊘∇∫⊔↖≀∇⌈⌉∇ ⊣\⌈ ∫⌉⌋≀\⌈↖≀∇⌈⌉∇ ∫⊔⊣⊔⟩∫⊔⟩⌋⊣↕ √∇≀√⌉∇⊔⟩⌉∫ ≀{ ⌉⇕√⟩∇⟩⌋⊣↕ ⊔⟩⇕⌉ ∫⌉∇⟩⌉∫↙ T⟨⌉ ⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ≀{ TES ⇕≀⌈⌉↕∫ ⟩∫ ⊣ ⊔⊒≀↖√⟨⊣∫⌉ √∇≀⌋⌉⌈⊓∇⌉↙ I\ ⊔⟨⌉ ⊘∇∫⊔ √⟨⊣∫⌉⇔ ≀\⌉ ⌈⌉⊘\⌉∫ ⊣ ⌊⊣⌋‖}∇≀⊓\⌈ TES √∇≀⌋⌉∫∫ {U^+n }1n_{=0} or {U �n }1n_{=0} of the form U^+_n = { U0, n = 0 ⟨U^+_n�1 + V_n⟩, n > 0 U�_{n =}^{{ U +}n^{, n even} 1 − U^+_n , n odd (1.1)

Here, U 0is distributed uniformly on [0, 1); {Vn}1n_{=1} is a sequence of iid random variables, indepen- dent of U 0 called the innovation sequence, and angular brackets denote the modulo1 ↼fractional part↽ operator ⟨x⟩ = x − ⇕⊣§{⟩\⊔⌉}⌉∇ n . n ≤ x}↙ B⊣⌋‖}∇≀⊓\⌈ TES ∫⌉∐⊓⌉\⌋⌉∫ ∫⌉∇⊑⌉ ⊣\ ⊣⊓§⟩↕⟩⊣∇† ∇≀↕⌉↙ T⟨⌉ ∫⊓√⌉∇∫⌋∇⟩√⊔ \≀⊔⊣⊔⟩≀\ ⟩\ ⇐∞↙∞⇒ ⟩∫ ⇕≀⊔⟩⊑⊣⊔⌉⌈ ⌊† ⊔⟨⌉ {⊣⌋⊔ ⊔⟨⊣⊔ {U^+n } ⊣\⌈ {U �n } ⌋⊣\ }⌉\⌉∇⊣⊔⌉ ↕⊣}↖∞ ⊣⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\∫ ⟩\ ⊔⟨⌉ ∇⊣\}⌉ ∪′⇔∞⊎⇔ ⊣\⌈ ∪↖∞⇔′⊎ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†↙ F∇≀⇕ \≀⊒ ≀\⇔ ⊒⌉ ⊣↕⊒⊣†∫ ⊣√√⌉\⌈ √↕⊓∫ ≀∇ ⇕⟩\⊓∫ ∫⊓√⌉∇∫⌋∇⟩√⊔∫ ⊔≀ ≀⊔⟨⌉∇ ⇕⊣⊔⟨⌉⇕⊣⊔⟩⌋⊣↕ ≀⌊|⌉⌋⊔∫ ⊣∫∫≀⌋⟩⊣⊔⌉⌈ ⊒⟩⊔⟨ {U^+n } ⊣\⌈ {U �n }⇔ ⌊⊓⊔ ⊔⟨⌉ ∫⊓⌊∫⌋∇⟩√⊔ ⟩∫ ≀⇕⟩⊔⊔⌉⌈ ⊒⟨⌉\ ⊔⟨⌉ ⌈⟩∫⊔⟩\⌋⊔⟩≀\ ⟩∫ ⟩⇕⇕⊣⊔⌉∇⟩⊣↕↙ I\⊔⊓⟩⊔⟩⊑⌉↕†⇔ ⊔⟨⌉ ⇕≀⌈⊓↕≀↖∞ ⊣∇⟩⊔⟨⇕⌉⊔⟩⌋ ⊓∫⌉⌈ ⟩\ ⌈⌉⊘\⟩\} TES √∇≀⌋⌉∫∫⌉∫ ⟩\ ⇐∞↙∞⇒ ⟨⊣∫ ⊣ ∫⟩⇕√↕⌉ }⌉≀⇕⌉⊔∇⟩⌋ ⟩\⊔⌉∇√∇⌉⊔⊣⊔⟩≀\ ⊣∫ ∇⊣\⌈≀⇕ ⊒⊣↕‖∫ ≀\ ⊣ ⌋⟩∇⌋↕⌉ ≀{ ⌋⟩∇⌋⊓⇕{⌉∇⌉\⌋⌉ ∞ ⇐⊓\⟩⊔ ⌋⟩∇⌋↕⌉⇒⇔ ⊒⟩⊔⟨ ⇕⌉⊣\ ∫⊔⌉√ ∫⟩‡⌉ E[V n]. The walk will have zero, positive or negative drift around the unit circle according as E[V n] = 0, E[Vn] > 0 or E[Vn] < 0 respectively▷ In the second phase the background sequence is transformed into a corresponding foreground sequence {X^+_n }1_{n=0} or {X �_n }1_{n=0}, respectively,

X^+_n = D(U^+_n ), X�_n = D(U�_n ), (1.2)

where D is a transformation from [0, 1) to the reals, called a distortion. Eq. (1.2) deffnes two classes of TES models, denoted TES^+ and TES �, respectively, and these foreground sequences are the

end-product TES models.

The TES modeling methodology used by us employed a composite distortion of the form D_{Y,ξ}(x) = H�1_Y (S_ξ(x)), x ∈ [0, 1). (1.3)

Here, the inner transformation, S ξ is a εsmoothingε operation called a stitching transformation parameterized by 0 ≤ ξ ≤ ∞ ⇔ ⊣\⌈ }⟩⊑⌉\ ⌊† S_ξ(y) = { y/ξ, 0 ≤ y ≤ ξ (1−y)/(1−ξ), ξ ≤ y < 1. (1.4)

The outer transformation, H�1Y is the inverse of the empirical ↼histogram↽ distribution function computed from an empirical time series {Y n}Nn=0 as H�1_{Y (x) =}^{J∑}_{j=1 1 [ Cj�1, ψCj)(x) [lj + (x −} ←_{Cj}�1_)^wj_{ψpj ], 0 ≤ x ≤ ∞, (1.5)} where 1 A is the indicator function of set A J is the number of histogram cells [l j, rj) is the support of cell j with width w j = rj − lj > 0 ψpj is the probability estimator of cell j and { ←Ci}Ji_{=0} is the cdf of {p j}Jj=1, i.e., Cj = ∑j i=1 pi, 1 ≤ j ≤ J ↼ ψC0 = 0 and CJ = 1). To understand the modeling procedure sketched above, we take note of the following facts.

1. It can be shown [3] that all TES background sequences are stationary Markovian, and their marginal distribution is uniform on [0, 1), regardless of the probability law of the innovations {V_n}↙ ∈↙ T⟨⌉ ⟩\⊑⌉∇∫⟩≀\ ⇕⌉⊔⟨≀⌈ ∪∞⊎ ⊣↕↕≀⊒∫ ⊓∫ ⊔≀ ⊔∇⊣\∫{≀∇⇕ ⊣\† ⊓\⟩{≀∇⇕ ⊑⊣∇⟩⊣⊔⌉ ⊔≀ ≀⊔⟨⌉∇∫ ⊒⟩⊔⟨ ⊣∇⌊⟩⊔∇⊣∇† ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫¬ ⟩{ U is uniform on [0, 1) and F is a prescribed distribution then X = F�1(U ) has distribution F ▷ In particular F = HY is just a special case▷ 3▷ For 0 < ξ < 1 the effect of Sξ is to render the sample paths of background TES sequences more εcontinuouslookingε▷ Because stitching transformations preserve uniformity ♭6♯ the inversion method can still be used on stitched background processes {S ξ(Un)}↙ I⊔ {≀↕↕≀⊒∫ ⊔⟨⊣⊔ ⊣\† {≀∇⌉}∇≀⊓\⌈ TES ∫⌉∐⊓⌉\⌋⌉ ≀{ ⊔⟨⌉ {≀∇⇕ X_n = H�1_Y (S_ξ(U_n)), (1.6) obtained from any background sequence {U n}⇔ ⟩∫ ⊣↕⊒⊣†∫ }⊓⊣∇⊣\⊔⌉⌉⌈ ⊔≀ ⟨⊣⊑⌉ ⊔⟨⌉ ⌉⇕√⟩∇⟩⌋⊣↕ ⇐⟨⟩∫↖ ⊔≀}∇⊣⇕⇒ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\ ←HY regardless of the innovation density f V and stitching parameter ξ selected▷ The choice of a pair (f_V , ξ) will determine the dependence structure of (1.6), and in particular, its autocorrelation function. Thus, TES modeling decouples the fftting of the empirical distribution from the fftting of the empirical autocorrelation function. Since the former is guaranteed, one can concentrate on the latter.

In practice, approximating the empirical autocorrelation structure is carried out via a heuristic search for a suitable pair (f V , ξ), under software support. We used the TEStool visual interactive software environment [2], designed to support TES modeling. TEStool allows the user to read in empirical time series and calculate their statistics (histogram, autocorrelation function and spectral density) in textual and graphical representations. It provides services to construct and modify TES models and to superimpose the corresponding TES statistics on their empirical counterparts. The search proceeds in an interactive style, guided by visual feedback: each model modiffcation triggers a recalculation and redisplay of the corresponding statistics. TES model autocorrelations and spectral densities are calculated numerically from fast and accurate formulas developed in [3, 4].

While selecting a stitching parameter 0 ≤ ξ ≤ ∞ ⟩∫ ⊣ ∫⟩⇕√↕⌉ ⇕⊣⊔⊔⌉∇⇔ ⊔⟨⌉ ∫⌉↕⌉⌋⊔⟩≀\ ≀{ ⊣\ ⟩\\≀⊑⊣⊔⟩≀\ ⌈⌉\∫⟩⊔† f V is far more involved▷ TEStool restricts innovation densities to the class of stepfunction densities over [−′.5, 0.5) with no practical loss of generality, since step-function densities can approximate any density arbitrarily closely. The advantage of this restriction is a conceptual and operational simpliffcation. Step-function densities can be readily modiffed graphically, since steps are visually represented as rectangles, and those can be created, deleted, stretched and moved easily with the mouse.

1.2 A Composite TES Model for MPEG-Coded Video

The deterministic sequencing of MPEG frames renders the VBR process a non-stationary one. In order to faithfully model MPEG video, the correct interleaving of frame types should be effected. Figure 1 displays the results of of an MPEG case study with cycles of the form IBBPBBPBB. . ..

The modeling procedure proceeded in two stages. In the ffrst stage, each frame type (I, P and B) was modeled by a TES process, of the form (1.6), as described in the previous section. The construction utilized empirical bit rate measurements of an MPEG-encoded video sequence. A separate TES^+ model was ↑tted to the I-frame and B-frame subsequences, while a TES � model

was �ttedtothe P-frame subsequence. These willbe denoted {X I n}⇔ {X P n } ⊣\⌈ {X B n }⇔ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†⇔ ⊣\⌈ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⌊⊣⌋‖}∇≀⊓\⌈ ∫⌉∐⊓⌉\⌋⌉∫ ⊒⟩↕↕ ⌊⌉ ∫⟩⇕⟩↕⊣∇↕† ⌈⌉\≀⊔⌉⌈ {U In}⇔ {U Pn } ⊣\⌈ {U Bn }↙ A↕↕ TES ⇕≀⌈⌉↕∫ ⇕⊣⊔⌋⟨⌉⌈ ⊔⟨⌉ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⌉⇕√⟩∇⟩⌋⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫⇔ ⊣\⌈ ⊣√√∇≀§⟩⇕⊣⊔⌉⌈ ⊒⌉↕↕ ⊔⟨⌉ ∇⌉∫√⌉⌋⊔⟩⊑⌉ ⌉⇕√⟩∇⟩⌋⊣↕ ⊣⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\ {⊓\⌋⊔⟩≀\∫↙ I\ ⊔⟨⌉ ∫⌉⌋≀\⌈ ∫⊔⊣}⌉⇔ ⊔⟨⌉ ⊔⟨∇⌉⌉ TES ⇕≀⌈⌉↕∫ ⊒⌉∇⌉ ⟩\⊔⌉∇↕⌉⊣⊑⌉⌈ ⟩\ ⊔⟨⌉ ⌋≀∇∇⌉⌋⊔ ≀∇⌈⌉∇ ⊣⌊≀⊑⌉↙ H≀⊒⌉⊑⌉∇⇔ ⌋∇≀∫∫↖⌋≀∇∇⌉↕⊣⊔⟩≀\∫ ⊒⌉∇⌉ ⟩\⌈⊓⌋⌉⌈ ⟩\⊔≀ ⌊⟩⊔ ∇⊣⊔⌉∫ ⌋≀⇕√∇⟩∫⟩\} ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ⌋†⌋↕⌉∫ ⊣∫ {≀↕↕≀⊒∫↙ T⟨⌉ ⟩\⊣⊓↖ }⊓∇⊣⊔⟩\} I↖{∇⊣⇕⌉ ⌊⟩⊔ ∇⊣⊔⌉ X In_{+1} for the next cycle was generated via U In_{+1} from its I-subsequence predecessor U In in the normal way detailed in the previous section▷ The next bit rate X B6n+1 (recall that there are 6 B-frames in a cycle) did not use U B6n+1; rather, it set U B6n+1 = U In+1. The remaining B-frames in that cycle were generated normally from their predecessors within the cycle via the TES model {X Bn } {≀∇ B↖{∇⊣⇕⌉∫↙ S⟩⇕⟩↕⊣∇↕†⇔ ⊔⟨⌉ ⊘∇∫⊔ P↖{∇⊣⇕⌉ ⌊⟩⊔∇⊣⊔⌉ ⟩\ ⊔⟨⌉ ⌋†⌋↕⌉ X P2n+1 (recall that there are 2 P-frames in a cycle) set U P2n+1 = U In+1 and the remaining P-frames were again generated normally from their predecessors within the cycle via the TES model {X Pn } {≀∇ P↖{∇⊣⇕⌉∫↙ T⟨⊓∫⇔ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⟨⊣⊑⟩\} ⟩\⌈⌉√⌉\⌈⌉\⊔ ⌊⟩⊔ ∇⊣⊔⌉∫ {≀∇ ⌈⟩{{⌉∇⌉\⊔ {∇⊣⇕⌉ ⊔†√⌉∫ ⊒⟩⊔⟨⟩\ ⌋†⌋↕⌉∫ ⊣\⌈ ⊣⌋∇≀∫∫ ⊔⟨⌉⇕⇔ ⊔⟨⌉ ⟩\⊣⊓}⊓∇⊣⊔⟩\} I↖{∇⊣⇕⌉ ≀{ ⌉⊣⌋⟨ ⌋†⌋↕⌉ ⊣\⌈ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} P↖{∇⊣⇕⌉∫ ⊣\⌈ B↖{∇⊣⇕⌉∫ ⊒⟩⊔⟨⟩\ ⊔⟨⊣⊔ ⌋†⌋↕⌉ ⊒⌉∇⌉ ∇⌉\⌈⌉∇⌉⌈ ⌈⌉√⌉\⌈⌉\⊔ ∇⊣\⌈≀⇕ ⊑⊣∇⟩⊣⌊↕⌉∫∅ ⊔⟨⌉ B↖{∇⊣⇕⌉ ⊣\⌈ P↖{∇⊣⇕⌉ ⌊⟩⊔ ∇⊣⊔⌉∫ ⊙⊓⌋⊔⊓⊣⊔⌉⌈ ⊒⟩⊔⟨⟩\ ⌉⊣⌋⟨ ⌋†⌋↕⌉ ⊣∇≀⊓\⌈ ⊣ ⌊⊣∫⌉↕⟩\⌉ ∫⌉⊔ ⌊† ⊔⟨⌉ ⟩\⊣⊓}⊓∇⊣⊔⟩\} I↖{∇⊣⇕⌉⇔ ⊣\⌈ ⌈⌉√⌉\⌈⌉⌋⌉ ⊣⇕≀\} ⌋†⌋↕⌉∫ ⊒⊣∫ ⌈∇⟩⊑⌉\ √∇⟩⇕⊣∇⟩↕† ⌊† I↖{∇⊣⇕⌉∫↙ T⟨⌉ ⌋≀⇕√≀∫⟩⊔⌉ TES ⇕≀⌈⌉↕ ∫⊔⊣⊔⟩∫⊔⟩⌋∫ ⊣∇⌉ ⌋≀⇕√⊣∇⌉⌈ ⊔≀ ⊔⟨⌉⟩∇ ⌉⇕√⟩∇⟩⌋⊣↕ ⌋≀⊓\⊔⌉∇√⊣∇⊔∫ ⟩\ F⟩}⊓∇⌉ ∞↙ T⟨⌉ ∫⌋∇⌉⌉\ ⟩∫ ∫⊓⌊↖⌈⟩⊑⟩⌈⌉⌈ ⟩\⊔≀ {≀⊓∇ ⌋⊣\⊑⊣∫ ⊣∇⌉⊣∫ ⌈⟩∫√↕⊣†⟩\} ⊑⊣∇⟩≀⊓∫ ⊔†√⌉∫ ≀{ ⌉⇕√⟩∇⟩⌋⊣↕ ∫⊔⊣⊔⟩∫⊔⟩⌋∫ ⇐⌊⊓↕↕⌉⊔∫⇒ ∫⊓√⌉∇⟩⇕√≀∫⌉⌈ ≀\ ⊔⟨⌉⟩∇ TES ⇕≀⌈⌉↕ ⌋≀⊓\⊔⌉∇√⊣∇⊔∫ ⇐⌈⟩⊣⇕≀\⌈∫⇒↙ T⟨⌉ ⊓√√⌉∇↖↕⌉{⊔ ⌋⊣\⊑⊣∫ ⌋≀\↖ ⊔⊣⟩\∫ ⊔⟨⌉ ⌉⇕√⟩∇⟩⌋⊣↕ ⊣\⌈ TES ⇕≀⌈⌉↕ ∫⊣⇕√↕⌉ √⊣⊔⟨∫⇔ ⊔⟨⌉ ↕⊣⊔⊔⌉∇ ⌊⌉⟩\} }⌉\⌉∇⊣⊔⌉⌈ ⌊† ∫⟩⇕⊓↕⊣⊔⟩≀\∅ ⊔⟨⌉ ⊓√√⌉∇↖∇⟩}⟨⊔ ⌋⊣\⊑⊣∫ ⌋≀\⊔⊣⟩\∫ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⟨⟩∫⊔≀}∇⊣⇕∫∅ ⊔⟨⌉ ↕≀⊒⌉∇↖↕⌉{⊔ ⊣\⌈ ↕≀⊒⌉∇↖∇⟩}⟨⊔ ⌋⊣\⊑⊣∫⌉∫ ⌋≀\⊔⊣⟩\⇔ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†⇔ ⊔⟨⌉ ⌉⇕√⟩∇⟩⌋⊣↕ ⊣⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\ {⊓\⌋⊔⟩≀\ ⊣\⌈ ∫√⌉⌋⊔∇⊣↕ ⌈⌉\∫⟩⊔† √↕≀⊔⊔⌉⌈ ⊣}⊣⟩\∫⊔ ⊔⟨⌉⟩∇ ∫⟩⇕⊓↕⊣⊔⟩≀\↖⌊⊣∫⌉⌈ TES ⇕≀⌈⌉↕ ⌋≀⊓\⊔⌉∇√⊣∇⊔∫↙ W⌉ √≀⟩\⊔ ≀⊓⊔ ⊔⟨⊣⊔ ⌊≀⊔⟨ ⊔⟨⌉ ⊣⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\ {⊓\⌋↖ ⊔⟩≀\∫ ⊣\⌈ ∫√⌉⌋⊔∇⊣↕ ⌈⌉\∫⟩⊔⟩⌉∫ ⊒⌉∇⌉ {≀∇⇕⊣↕↕† ⌋≀⇕√⊓⊔⌉⌈ {∇≀⇕ ⊣ ∫⟩\}↕⌉ ∫⊣⇕√↕⌉ √⊣⊔⟨ ⊣∫ ⟩{ ⊔⟨⌉ ∫⌉∐⊓⌉\⌋⌉∫ ⊒⌉∇⌉ ∫⊔⊣⊔⟩≀\⊣∇†⇔ ⊣\⌈ ⊔⟨⌉∇⌉{≀∇⌉⇔ ∇⌉√∇⌉∫⌉\⊔ ⊣⊑⌉∇⊣}⌉⌈ ⌉∫⊔⟩⇕⊣⊔⌉∫ ≀{ ⌈⟩{{⌉∇⌉\⊔ ⌋≀∇∇⌉↕⊣⊔⟩≀\ ⌋≀⌉{⊘⌋⟩⌉\⊔∫↙ N⌉⊑⌉∇⊔⟨⌉↕⌉∫∫⇔ ⊔⟨⌉† }⟩⊑⌉ ⊓∫ ⊣\ ⟩\⌈⟩⌋⊣⊔⟩≀\ ≀{ ⟨≀⊒ ⊒⌉↕↕ ⊔⟨⌉ ⌋≀⇕√≀∫⟩⊔⌉ TES ⇕≀⌈⌉↕ ⌋⊣√⊔⊓∇⌉⌈ ⊔⌉⇕√≀∇⊣↕ ⌈⌉√⌉\⌈⌉\⌋⌉ ⟩\ ⊔⟨⌉ ⌉⇕√⟩∇⟩⌋⊣↕ ⌈⊣⊔⊣⇔ ∫⟩\⌋⌉ ⊔⟨⌉† ⊒⌉∇⌉ ⊣↕↕ ⌋≀⇕√⊓⊔⌉⌈ {∇≀⇕ ∫⊣⇕√↕⌉ √⊣⊔⟨∫ ⟩\ ⊔⟨⌉ ∫⊣⇕⌉ ⊒⊣†↙

∋

I\⌈⌉⌉⌈⇔ F⟩}⊓∇⌉ ∞ ∫⟨≀⊒∫ ⌉§⌋⌉↕↕⌉\⊔ ⊣}∇⌉⌉⇕⌉\⊔ ≀{ ⊣↕↕ ∫⊔⊣⊔⟩∫⊔⟩⌋∫⇔ ⊣∫ ⊒⌉↕↕ ⊣∫ ⊣ ⇕⊣∇‖⌉⌈ ∫⟩⇕⟩↕⊣∇⟩⊔† ≀{ ⊔⟨⌉ {⊓\⌋⊔⟩≀\⊣↕ {≀∇⇕ ≀{ ⊔⟨⌉ ⌉⇕√⟩∇⟩⌋⊣↕ ⊣\⌈ ⌋≀⇕√≀∫⟩⊔⌉ TES ⇕≀⌈⌉↕ ∫⊣⇕√↕⌉ √⊣⊔⟨∫↙

A⌋‖\≀⊒↕⌉⌈}⇕⌉\⊔∫

W⌉ ⊔⟨⊣\‖ J≀\ H⟩↕↕ {≀∇ ⟩⇕√↕⌉⇕⌉\⊔⟩\} ⊔⟨⌉ ⌋≀⇕√≀∫⟩⊔⌉ TES ⇕≀⌈⌉↕ {≀∇ MPEG↖⌋≀⌈⌉⌈ ⊑⟩⌈⌉≀↙

R⌉{⌉∇⌉\⌋⌉∫ ∪∞⊎ D⌉⊑∇≀†⌉⇔ L↙ ∞∃∀↙̸ N≀\↖U\⟩{≀∇⇕ R⊣\⌈≀⇕ V⊣∇⟩⊣⊔⌉ G⌉\⌉∇⊣⊔⟩≀\⇔ S√∇⟩\}⌉∇↖V⌉∇↕⊣}↙ ∪∈⊎ G⌉⟩∫⊔⇔ D↙∅ ⊣\⌈ B↙ M⌉↕⊣⇕⌉⌈↙ ∞∃∃∈↙ ↑TES⊔≀≀↕¬ A\ E\⊑⟩∇≀\⇕⌉\⊔ {≀∇ V⟩∫⊓⊣↕ I\⊔⌉∇⊣⌋⊔⟩⊑⌉ M≀⌈⌉↕⟩\} ≀{ A⊓⊔≀⌋≀∇∇⌉↕⊣⊔⌉⌈ T∇⊣{⊘⌋↑⇔ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃∈ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ C≀\{⌉∇⌉\⌋⌉ ≀\ C≀⇕⇕⊓\⟩↖ ⌋⊣⊔⟩≀\∫ ⇐C⟨⟩⌋⊣}≀⇔ I↕↕⟩\≀⟩∫⇒↙ V≀↕↙ ∋¬ ∞∈∀▽↖∞∈∀∃↙ ∪∋⊎ J⊣}⌉∇⇕⊣\⇔ D↙ L↙∅ ⊣\⌈ B↙ M⌉↕⊣⇕⌉⌈↙ ∞∃∃∈⊣↙ ↑T⟨⌉ T∇⊣\∫⟩⊔⟩≀\ ⊣\⌈ A⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\ ∫⊔∇⊓⌋⊔⊓∇⌉ ≀{ TES P∇≀⌋⌉∫∫⌉∫ P⊣∇⊔ I¬ G⌉\⌉∇⊣↕ T⟨⌉≀∇†↑↙ S⊔≀⌋⟨⊣∫⊔⟩⌋ M≀⌈⌉↕∫⇔ V≀↕↙ ∀⇐∈⇒¬ ∞∃∋↖∈∞∃↙ ∪△⊎ J⊣}⌉∇⇕⊣\⇔ D↙ L↙∅ ⊣\⌈ B↙ M⌉↕⊣⇕⌉⌈↙ ∞∃∃∈⌊↙ ↑T⟨⌉ T∇⊣\∫⟩⊔⟩≀\ ⊣\⌈ A⊓⊔≀⌋≀∇∇⌉↕⊣⊔⟩≀\ ∫⊔∇⊓⌋⊔⊓∇⌉ ≀{ TES P∇≀⌋⌉∫∫⌉∫ P⊣∇⊔ II¬ S√⌉⌋⟩⊣↕ C⊣∫⌉∫↑↙ S⊔≀⌋⟨⊣∫⊔⟩⌋ M≀⌈⌉↕∫⇔ V≀↕↙ ∀⇐∋⇒¬ △∃∃↖▽∈↙ ∪▽⊎ J⊣}⌉∇⇕⊣\⇔ D↙ L↙∅ ⊣\⌈ B↙ M⌉↕⊣⇕⌉⌈↙ ∞∃∃∈⌋↙ S√⌉⌋⊔∇⊣↕ A\⊣↕†∫⟩∫ ≀{ B⊣∫⟩⌋ TES P∇≀⌋⌉∫∫⌉∫↙ P∇⌉√∇⟩\⊔⇔ NEC USA⇔ I\⌋↙⇔ P∇⟩\⌋⌉⊔≀\⇔ N⌉⊒ J⌉∇∫⌉†↙ ∪⊎̸ M⌉↕⊣⇕⌉⌈⇔ B↙ ∞∃∃∞↙ ↑TES¬ A C↕⊣∫∫ ≀{ M⌉⊔⟨≀⌈∫ {≀∇ G⌉\⌉∇⊣⊔⟩\} A⊓⊔≀⌋≀∇∇⌉↕⊣⊔⌉⌈ U\⟩{≀∇⇕ V⊣∇⟩↖ ⊣⊔⌉∫↑↙ ORSA J↙ ≀\ C≀⇕√⊓⊔⟩\}⇔ V≀↕↙ ∋⇐△⇒¬ ∋∞↖∋∈∃↙ ∪⊎ M⌉↕⊣⇕⌉⌈⇔ B↙∅ D↙ G≀↕⌈∫⇕⊣\∅ ⊣\⌈ J↙ H⟩↕↕↙ ∞∃∃∈↙ ↑T⟨⌉ TES M⌉⊔⟨≀⌈≀↕≀}†¬ N≀\√⊣∇⊣⇕⌉⊔∇⟩⌋ M≀⌈⌉↕⟩\} ≀{ S⊔⊣⊔⟩≀\⊣∇† T⟩⇕⌉ S⌉∇⟩⌉∫↑↙ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃∈ W⟩\⊔⌉∇ S⟩⇕⊓↕⊣⊔⟩≀\ C≀\{⌉∇⌉\⌋⌉ ⇐A∇↕⟩\}⊔≀\⇔ V⟩∇}⟩\⟩⊣⇒⇔ ∞∋▽∘∞△△↙ ∪∀⊎ M⌉↕⊣⇕⌉⌈ B↙∅ ⊣\⌈ B↙ S⌉\}⊓√⊔⊣↙ ∞∃∃∈↙ ↑TES M≀⌈⌉↕⟩\} ≀{ V⟩⌈⌉≀ T∇⊣{⊘⌋↑↙ IEICE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫⇔ V≀↕↙ E▽↖B⇔ N≀↙ ∞∈⇔ ∞∈∃∈∘∞∋′′↙

A⊓⊔⟨≀∇ B⟩≀}∇⊣√⟨†

BENJAMIN MELAMED ⟩∫ H⌉⊣⌈ ≀{ ⊔⟨⌉ P⌉∇{≀∇⇕⊣\⌋⌉ A\⊣↕†∫⟩∫ D⌉√⊣∇⊔⇕⌉\⊔ ⊣⊔ ⊔⟨⌉ C↘C R⌉∫⌉⊣∇⌋⟨ L⊣⌊≀∇⊣⊔≀∇⟩⌉∫⇔ NEC USA⇔ I\⌋↙⇔ ⟩\ P∇⟩\⌋⌉⊔≀\⇔ N⌉⊒ J⌉∇∫⌉†↙ H⟩∫ ∇⌉∫⌉⊣∇⌋⟨ ⟩\⊔⌉∇⌉∫⊔∫ ⟩\⌋↕⊓⌈⌉ ∫†∫⊔⌉⇕∫ ⇕≀⌈↖ ⌉↕⟩\} ⊣\⌈ ⊣\⊣↕†∫⟩∫⇔ ∫⟩⇕⊓↕⊣⊔⟩≀\⇔ ∫⊔≀⌋⟨⊣∫⊔⟩⌋ √∇≀⌋⌉∫∫⌉∫⇔ ⊣\⌈ ⊑⟩∫⊓⊣↕ ⇕≀⌈⌉↕⟩\} ⌉\⊑⟩∇≀\⇕⌉\⊔∫↙ M⌉↕⊣⇕⌉⌈ ∇⌉⌋⌉⟩⊑⌉⌈ ⟨⟩∫ P⟨↙D↙ ⟩\ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉ ⟩\ ∞∃ ̸{∇≀⇕ ⊔⟨⌉ U\⟩⊑⌉∇∫⟩⊔† ≀{ M⟩⌋⟨⟩}⊣\↙ B⌉{≀∇⌉ ⌋≀⇕⟩\} ⊔≀ NEC⇔ ⟨⌉ ⊔⊣⊓}⟨⊔ ⟩\ ⊔⟨⌉ D⌉√⊣∇⊔⇕⌉\⊔ ≀{ I\⌈⊓∫⊔∇⟩⊣↕ E\}⟩\⌉⌉∇⟩\} ⊣\⌈ M⊣\⊣}⌉⇕⌉\⊔ S⌋⟩⌉\⌋⌉ ⊣⊔ N≀∇⊔⟨↖ ⊒⌉∫⊔⌉∇\ U\⟩⊑⌉∇∫⟩⊔†↙ H⌉ ↕⊣⊔⌉∇ |≀⟩\⌉⌈ ⊔⟨⌉ P⌉∇{≀∇⇕⊣\⌋⌉ A\⊣↕†∫⟩∫ D⌉√⊣∇⊔⇕⌉\⊔ ⊣⊔ B⌉↕↕ L⊣⌊≀∇⊣⊔≀∇⟩⌉∫⇔ ⊒⟨⌉∇⌉ ⟨⌉ ⌊⌉⌋⊣⇕⌉ ⊣\ AT↘T B⌉↕↕ L⊣⌊≀∇⊣⊔≀∇⟩⌉∫ F⌉↕↕≀⊒ ⟩\ ∞∃∀∀↙ H⌉ ⟩∫ ⊣ S⌉\⟩≀∇ M⌉⇕⌊⌉∇ ≀{ IEEE↙

△

F⟩}⊓∇⌉ ∞¬ TES ⇕⊓↕⊔⟩√↕⌉§ ⇕≀⌈⌉↕ ≀{ MPEG↖⌋≀⇕√∇⌉∫∫⌉⌈ VBR ⊑⟩⌈⌉≀↙

▽