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Abstract. Sample interpolation which has a computationally expen-
sive finite impulse response (FIR) digital filter is one of the key modules
in MPEG-4 Advanced Simple Profile (ASP). Normal FIR architectures
have low efficiency on its implementation due to the special input data
stream. In this paper, based on a pure systolic FIR, the efficient VLSI
architecture for the sample interpolation has been implemented. Exper-
imental result shows that the efficiency of proposed architecture is three
times higher than normal ones, and it satisfies the applications such as
MPEG-4 ASP.

1 Introduction

The MPEG-4 standard [1] is a standardized framework for many multimedia
applications, such as teleshopping, teleconferencing, mobile video communi-
cation and interactive, because of its high coding efficiency and high error
resilience. MPEG-4 ASP is defined in Streaming Video Profile in Amendment of
MPEG-4 [4]. Different with MPEG-4 Simple Profile, ASP contains many power
tools such as B-frame, global motion compensation, and quarter sample motion
compensation (MC) interpolation which are defined for implementations with
higher processing capability. But the sample interpolation is one of the critical
paths of MPEG-4 ASP decoder, due to its computationally expensive process
and special input data streams. Above all, the MC interpolation procedure is
described below.

The sample interpolation has two stages. In the first stage, the algorithm
calculates the half sample values by an 8-tap FIR filter such as a; by hori-
zontal filtering (eq.(1)) and b, ¢ by vertical filtering (eq.(2),eq.(3)). The filter
coefficients is: CO1[1..4] = [160, —48, 24, —8]. Fig. [l shows these half samples
position in the frame, where X represents position of integer sample. After
filtering, they are clipped to the range of [0,2N_bit — 1], where N_bit is the
number of bits per pixel.

4
a; = (( Z collj] - (v—ji + a:ﬂ',i)) +128 — roundingcomfrol> /256 (1)
=1
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Fig. 1. The position of half samples and quarter samples

4

b= <( Z colld] - (x—1,—; + :E,Li)> + 128 — roundmgcontrol) /256 (2)

i=1

c= <(Z colli] - (a—; + a_,_i)) + 128 — rounding_control> /256 (3)

=1

In the second stage, the quarter sample values are calculated by the bilin-
ear interpolation between integer and the corresponding half sample values, see
Fig. b which shows the displacement between quarter and half position. Ac-
cording to the different position, the bilinear interpolations are:

q0=A (4)

ql = (A + B+ 1 — rounding_control) /2 (5)

q2 = (A+ C + 1 — rounding_control) /2 (6)

g3 = (A+ B+ C+ D + 2 — rounding_control) /4 (7)

Before interpolation, the data must be fetched from the out-chip memory.
For each block of size m x n in the reference VOP, a reference block of size
(m+ 1) x (n+ 1) should be read from the reconstructed reference VOP. Once
the reference pixels have been obtained, the next step is to mirror the first three
and the last three pixels on each side outwards. And then the 8-tap FIR filter
calculates this extended reference block. It is known that the length of the 8-tap
FIR filter’s response M is 8, and we define N as the length of the input data
stream for the 8-tap FIR filter and S as the number of input data streams. In
fact, N is the amount of the pixels in a line of the mirrored reference block
and S is the amount of the lines in the block. After mirroring N is equal to
n+1+4+3+ 3 and S equals m + 1+ 3 + 3. Usually n and m take the value of
8, which means an input data stream has only 15 pixels in a line. Consider of
the response of the 8-tap FIR filters, the common implementation [2-3] have
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so low efficient that they can not meet the need of the MPEG-4 ASP decoder.
This paper presents a new efficient systolic architecture of FIR filter, and gets
an efficient VLSI implementation of quarter sample MC interpolation.

In Section 2, the efficient FIR filter architecture is described in detail. In
Section 3, the architecture of quarter sample mode interpolation is presented.
Finally, the experimental result and conclusion are given in Sections 4 and 5,
respectively.

2 The Efficient FIR Filter Architecture

2.1 A Referenced Pure Systolic FIR

For efficient VLSI implementation, a systolic array of FIR is showed in Fig. Bl
In it, the number of PE is M. response h; is stored in PE;. In every other cycle,
input data stream X sends a pixel which will move from the left to the right
and output data stream Y receives a result at the left of the array. There is
no global data bus in the Architecture, so this is especially suitable for VLSI
implementation. But in the systolic array, only a half of PEs work at the same
time, so it can’t get high efficient enough for quarter sample process.

Figure 3 is the timing chart of filtering the length-/N input data stream by
the systolic array. In Fig. Bl the shaded cycle represents that the PE has a valid
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Fig. 2. A pure systolic array of FIR
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Fig. 3. The timing chart
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calculation at the time, and oppositely the white cycle represents an invalid
calculation. Since the input data stream X sends pixels in every other cycle,
each PFE only has a valid calculation in every two cycles and valid work and
invalid work are alternate. So the efficiency of the array can be written as:

Mx(N-M+1) 1 M-3/2

T Mx(2xN-1) 2 2xN-1 ®)

In quarter sample interpolation, usually N = 15 and M = 8, so E is approxi-
mately 27.6%. From eq.(8), firstly it can be seen that F is always less thanl/2.
Secondly there is an inverse relation between M and FE, and a direct relation
between N and E. That means the array efficiency E will higher if the response
length of the FIR filter is smaller and the input data stream is longer. Thirdly in
our application N is more close to M, so compare with valid cycles it makes the
array have too many cycles staying in startup state. Although the array is very
suitable to VLSI, it is not much efficient for MC sample interpolation. We need
both the efficiency and the nice VLSI implementation, so this paper improves
upon the systolic architecture of Fig. 2] below.

2.2 An Improvement of Pure Systolic FIR
If defining E in another way as follow:

A+B+C
EiliMx(2><N—1) ©)

Where A, B, C is the quantity of invalid calculations in different areas of Fig.3
and

A:W B:w C =M x (N —M) (10)

We can see that A, B and C are side effect on the efficiency of the array. A and
B are the invalid cycles needed by the array initialization between two different
input data streams, and they are only decided by M. Since one input data
stream should have one initial process and many streams in a reference block,
there have lots of initializations during the sample interpolation of a reference
block. So A and B may decrease E sharply. C' are the invalid cycles after the
initialization, since only a half of PEs work at the same time and the valid cycle
and the invalid cycle are alternate after the initialing of the array. C' also lowers
the efficiency of the array.

In order to increase the pipeline efficiency, a new efficient FIR systolic archi-
tecture (Fig.[) is gotten from the below analysis. Two modifications are made in
the architecture of Fig. [2 Furbtly7 1nput data stream X is mbtead of X, and the
data arrangement of X is . :c2;1:2x1:c1 :z:oxo, where x; and x are come from two
original input data stream X sends pixels in each cycle, and correspondingly
the output can be gotten in each cycle too All PFEs may work in each cycle, the
format of an output data stream is y0y0y1y1y2y2 , where y; and yl are in two
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Fig. 4. The new efficient FIR systolic architecture
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Fig. 5. The timing relation between two data ports

original output data streams. Invalid calculations represented by C' are avoided.
Secondly, another data bus and a control signal are added in the array in order
to make more parallel between lines of reference block.

The timing between two data ports is shown in Fig. [5. Data x is sent to
port a firstly, and the data x/0/ is sent to port b at the same cycle when xn_jpr41
is being inputted to a. If all data in a stream are consumed, the next stream for
port a waits or inputs immediately. If IV is larger than 2M — 3 the next stream
begin to send data to port a when x;:,_MH is being sent to port b, else the

stream starts to input when :z:;(4_2 is being inputted to b. the input of the next
stream for port b is just like the case of port a. If N is larger than 2M — 3, the
cycle for the first data of the input data stream X; for port a is:

ti=4xix (N=M+1) i>0 (11)
and for port b is:
ti=2x(2xi+1)x (N=M+1) i>0 (12)

Under this condition, after the startup state, all PEs are busy till achieving
the sample interpolation of the reference block. There have space between two
input data streams of the same port, so the throughput of the array is smaller
than that of the data ports. If IV is no more than 2M — 3, the cycle for the first
data of the input data stream X; for port a is:

t,=2xixN >0 (13)
and for port b is:
ti=2xixN+2x (N-M+1) >0 (14)
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The data is sent to port a or port b continually, and P FEs have idle cycles between
two input data streams. So the throughput of the data ports is smaller than that
of the array. The control signal is used to choose a data from port a or port b as
the processing data of the PE. The selection of the signal is shown as Eq. (15).

wodo  tAM<t<ti+M (15)
b A M<t<ti, +M
The efficiency of Fig. @l is:
2M —2+0p
F=1--—">- - = 1
t+2N —1 (16)
where ,
f— {trsmm [5/2]is even (17)
trs/21/2+1 [5/2]is odd
_fo N>2M -3 a8)
P=V(8/2-1)x(2M -N—-2) N<2M-3

And S is the number of input data streams. In quarter sample mode interpola-
tion, usually S < 12, so the maximum of E is about 90.6%.

3 The Architecture of Sample Interpolation

The implementation architecture of the quarter sample MC interpolation is
shown in Fig. [6] Before the interpolation of a size m x n block, a reference block
of size (m+1) x (n+1) is read from the reconstructed and padded reference VOP
and putted in FIFO_a and FIFO_b after mirroring. Then FIR calculates the
half sample value (samplel in Fig. [B]) in each cycle, and output the integer pixel
of current position or right of current position (sample2 in Fig.[G]). Samplel and
sample2 are used in half sample interpolation to produce quarter sample values or
horizontal filtering results. If horizontal filtering results, it should be pass through
the pipeline again in order to get the final results (quarter sample values).

1
samplel —_
FIFO_a (p{a — 2T
: . 25 -
3 - S
= —~ ® 3
sample2 U':q’ k=2
FIFO_b b °o o
=

i

control

;

Fig. 6. The architecture of the quarter-pel interpolation
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Table 1. The FIR performance of Fig.2 and Fig.3

area(ums) CLK(ns)

FIR1 in fig.2 60647.067132 4.81

FIR2 in fig.3 89341.000000 4.87

——FIR1 #—FIR 2

0.2
0.15
0.1
0.05

time

0 5 10 15 20 25 28

frame

Fig. 7. Cycles of FIR1 and FIR2

4 Experimental Result

After synthesizing using TSMC 0.25um CMOS 1P5M process, the architecture
works at 200MHz clock rate, and the total area is about 428749.312000 um?
including memory component. The FIR performance of Fig.[2 and Fig. Bl shows
in table. [[. Quarter sample mode interpolation is time consuming operation in
MPEG-4 decode application. The aim of high efficiency is to shorten the total
cycles of calculation on this process with low area consumption. After Simulating
FIR1 and FIR2 under two video sequences in Verilog-XL, the run time is shown
in Fig.[@ In Fig.[d the cycles used by F'IR2’s are about one third of the FIR1.
This verifies the above conclusions which efficiency of FIR1 and FIR2 is 27.6%
and 90.6%.

5 Conclusions

This paper describes an efficient systolic FIR architecture for the VLSI imple-
mentation of the sample interpolation. The architecture works at 200MHz clock
rate, and the total area of it is about 428749 wm? including memory component.
The maximum efficiency of the FIR, is 90.6%, which is three times of Fig.[2 Area
of it is about 89341 um?2. The design satisfies the MPEG-4 decoder applications.
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