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ABSTRACT

Multi-frame motion compensated prediction [1] can achieve
high prediction gain with additional frame buffer memory
requirement. For mobile-telephony applications which uti-
lize mobile processor and relatively small memory space,
reducing the memory requirement is very important. In
this paper, we propose an efficient memory management
control technique which reduces memory requirement for
storing reference frames at the decoder side. Our proposed
technique is a frame-based memory management scheme
which discards the reference frames that are least impor-
tant in terms of prediction gain performance. The opti-
mal solution for this problem requires checking all the rate-
distortion performance degradation for all the combination
of discarded reference frames, and therefore we propose a
greedy search that checks a subset of reference frame com-
binations.

1. INTRODUCTION

Multi-frame motion-compensated prediction has been in-
troduced in the literature [1] as an approach to extend the
motion search range by using multiple decoded frames as
reference frames, instead of using just one decoded frame
as in conventional motion compensation. Due to the poten-
tial performance gains, it is used in the most recent video
compression standard JVT H.264 [2]. However, due to this
multi-frame usage for motion compensation, the memory
requirement to store reference frames at the decoder side
increases significantly. High capacity, fast access memo-
ries are now available at increasingly lower cost. Refer-
ence frames, however, have to be fetched in expensive pro-
cessor cache memory due to large number of accesses to
the reference frames. For mobile telephony application, it
is difficult to have enough cache memory for multi-frame
motion-compensation. Therefore, reducing the memory re-
quirement for the motion compensation is very important
specifically for mobile applications.

For memory management control, which aims to reduce
the memory requirement for motion compensation, there
are block-based and frame-based techniques. Block-based
memory management schemes form new references by us-
ing only relevant blocks for motion compensation. Frame-
based memory management schemes discard least signifi-
cant reference frames in order to form the smaller reference
space.

In [3], a block-based efficient memory management con-
trol for the multi-frame motion-compensated prediction was
proposed. In this paper, the author proposed a scheme that
selects relevant blocks for motion compensation, and forms
a memory space by using these relevant blocks. This block-
based technique selects the relevant blocks based on a sim-
ilarity measure by the same search algorithm at the encoder
and decoder side. Therefore, this technique does not require
signaling to the decoder side to select the chosen blocks for
motion compensation, however, due to this relevant block
search at the decoder side, this block-based scheme requires
a special decoder to be used.

A block based memory management scheme with sig-
naling is possible with no search at the decoder side. How-
ever, we need to signal the utilization of every blocks for
each frame, and therefore, this signaling requires substantial
overhead. However, signaling for the frame-based memory
management scheme requires much lower overhead. For
example, for H.264 video compression standard, utilization
of each frame can be signaled by the memory management
control operation (MMCO) [2].

In this paper, we propose a novel frame-based mem-
ory management scheme. Our proposed technique results
in minimal performance degradation and requires no search
at the decoder side. Therefore, our technique can be used
with any standard decoder. Our goal is to discard the least
important reference frames from the frame buffer, i.e., those
resulting in the smallest prediction gain penalty. An optimal
solution would require checking all the possible combina-
tions of discarded reference frames to exactly determine the
prediction gain penalties, and thus lead to significant search
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complexity and long encoding delays. For the proposed al-
gorithm, we employ a greedy search which requires low ad-
ditional complexity and short encoding delay.

The simplest memory management control scheme is
the sliding-window technique which drops the oldest ref-
erence frames. Usually this technique works well because
temporal correlation of video signals tends to decrease for
older reference frames. However, there are a significant
number of cases in which the oldest reference frames are
important, e.g., sequences with repetitive motions and/or
uncovered backgrounds by object motions. For these cases,
dropping the oldest reference frames may degrade the pre-
diction performance significantly.

This paper is organized as follows. In section 2, we de-
scribe the proposed algorithm. In section 3, we show ex-
perimental results. In section 4, we describe conclusion and
future work.

2. EFFICIENT MEMORY MANAGEMENT
CONTROL FOR MULTI-FRAME

MOTION-COMPENSATED PREDICTION

Our goal in the proposed algorithm is to discard the least
important reference frames from the frame buffer to form a
set of smaller number of reference frames with the small-
est prediction gain degradation. To find the optimal solu-
tion we would need to check all the combinations of dis-
carded reference frames. Because for each combination the
encoding result of a frame may be different, to find the op-
timal solution we need to encode a frame multiple times for
each combination. Therefore, finding the optimal solution
requires high computational complexity. Also, the optimal
solution requires very long encoding delay because we need
to check all the frames until the next intra refreshment. Due
to the high computational complexity and the long encoding
delay of the optimal solution, we propose to use a greedy
search as a suboptimal solution. To describe our proposed
algorithm, let us define some notations first:

• Xn : reconstructed frame with index n.

• Ym : original frame with index m.

• Bv
m(M) = {Xm−M , . . . , Xm−1} : virtual frame

buffer of length M for the motion-estimated predic-
tion of Ym. Virtual frame buffer contains all possible
reference frames for a given frame.

• Br
m(L) : real frame buffer of lengthL for the motion

estimated prediction of Ym. Real frame buffer con-
tains the reduced number of reference frames which
is decided by a memory management control.

• Sr(m) = {Xm−1} ∪ (Br
m−1(L) ∩ Bv

m(M)) : the
set of reference frames available for the motion esti-
mated prediction for Ym by our proposed technique.

• Di(Xn, Ym) : the distortion between ith block of Ym

and the best match in Xn.

• Sa(m) : all the frames which can use at least one
frame in Sr(m) as a reference.

The proposed algorithm is composed of three stages,
namely, data generation stage, frame-selection stage, and
encoding stage. Our proposed algorithm discards a refer-
ence frame from Sr(m), whenever |Sr(m)| > L, and does
not refer to the reference frame for encoding future frames
after it is discarded. Therefore, in our proposed algorithm,
when we encode Ym, we need to discard at most one ref-
erence frame from Sr(m) because |Sr(m)| ≤ L + 1. In
our proposed algorithm, rather than basing our frame se-
lection on all future frames, as required to obtain an opti-
mal solution, we propose to discard the frame from Sr(m)
that is least important in terms of achieving efficient motion
compensation of the frames in Sa(m). In this way, we can
achieve smaller encoding delay by reducing the amount of
the look-ahead encoding.

2.1. Data generation stage

At the data generation stage, we perform the motion esti-
mation for each frame Yk ∈ Sa(m). Note for some of the
Yk ∈ Sa(m), the motion estimation has already been per-
formed when making a decision on the previous frames, and
the corresponding motion vectors and distortion values have
been stored. Because the motion estimation process is the
most complex processing for video encoding, we use these
stored motion vectors and distortion values, and perform the
motion estimation only for Yk for which the motion estima-
tion has not been performed. This may result in some cod-
ing inefficiency. However, in this way, we can perform the
motion estimation just once for each frame Yk.

If |Sr(m)| ≤ L, at the data generation stage, we just
perform normal encoding of Ym without look-ahead encod-
ing and frame-selection. Otherwise, we perform look-ahead
encoding as follows. To perform the motion estimation for
Yk ∈ Sa(m), we need to use encoded and reconstructed
version of Yj , m ≤ j < k as reference frames. However,
we do not know the correspondingBr

j(L) of Yj yet. There-
fore, for an optimal solution, we need to generate multiple
Xj corresponding to all the combinations of Br

i(L),m ≤
i ≤ j choices. However, checking all the combinations
requires multiple encodings of one frame, and therefore,
requires huge computational complexity. In our proposed
algorithm, instead, we use all the available reconstructed
frames in Bk

v (M) as references to generate reconstructed
frames Xk which will be used as reference frames for look-
ahead encoding of the future frames Yl ∈ Sa(m), l > k.
Xk generated in this way will have the minimal effect on
the motion estimation for the look-ahead encoding because
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the reconstructed frame quality is about the same. Also, in
this way, we can avoid long encoding delay and high com-
putational complexity of the optimal solution.

After motion estimation, for each block, i, of frame Yk

∈ Sa(m), we store the motion vectors mvi(Xj , Yk) and the
corresponding distortion values Di(Xj , Yk) for each refer-
ence frame used,Xj , j ∈ {k−M, . . . , k−1}. As the distor-
tion Di, in this paper, we use SATD+λMOTION ·COST ,
where SATD is the sum of absolute transformed differences,
COST is the bit cost to encode a motion vector and a ref-
erence frame index, and λMOTION is the Lagrangian pa-
rameter used to incorporate rate constraint. We choose this
metric as the distortion measure because it is used to find
the best reference frame in H.264 reference software [4].

2.2. Frame-selection stage

In the second stage, using Di obtained from the data gen-
eration stage, we compute C(Xj , Yk), the total distortion
increase for each frame Yk ∈ Sa(m) when Xj ∈ Sr(m) is
discarded.

C(Xj , Yk) =
∑

i∈A

(Di(Xji
, Yk)−Di(Xj , Yk)) (1)

where A is the set of block indices for which Di(Xj , Yk)
is the minimum ∀j. In (1), Xji

is the second best reference
frame for ith block of Yk. By using C(Xj , Yk), we compute
the total distortion increase, Γ(Xj ,m), of all Yk ∈ Sa(m)
by discarding Xj from Sr(m). Γ(Xj ,m) is computed as
follows.

Γ(Xj ,m) =
∑

Yk∈Sa(m)

C(Xj , Yk) (2)

Then, we discard Xmin which minimizes Γ(·) from Sr(m)
to form Br

m(L) as follows.

Xmin = arg min
Xj∈Sr(m)

Γ(Xj ,m) (3)

After discarding Xmin from Sr(m), we delete the stored
motion vectors and the distortions corresponding to Xmin,
because stored motion vectors and distortions will be used
for frame-selection of the future frames.

2.3. Encoding stage

By using Br
m(L) decided from the frame-selection stage,

we encode current frame Ym. We use the motion vectors
collected at the data-gathering stage for the encoding. There-
fore, we do not need to perform the motion estimation again
for this stage. For the encoding, for each ith block of Ym,
we choose the best motion vector mv

∗

i as follows.

X∗

j = arg min
Xj∈Br

m(L)
Di(Xj , Ym) (4)

mv
∗

i = mvi(X
∗

j , Ym)
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Fig. 1. Discarding a reference frame in the real frame buffer to
form a set of references for the virtual frame buffer.

Using these chosen motion vectors, we encode Ym, then
add the Xm to the frame buffer to be used for encoding the
future frames.

2.4. Example

Let us describe our proposed algorithm by a simple example
in Figure 1. Assume that the length of the real frame buffer
L = 4, and the length of the virtual frame buffer M = 5.
We will encode frame YN+1 by the proposed technique.
Now we want to discard a reference frame from Sr(N +
1) = {XN , XN−1, XN−2, XN−3, XN−4} as shown in Fig-
ure 1. First, at the data gathering stage, we perform the
motion estimation for Sa(N + 1) = {YN+1, . . . , YN+5},
and store all the motion vectors mvj(XN−i, YN+1) and the
distortions Dj(XN−i, YN+1). Then, at the frame-selection
stage, we compute Γ(XN−i, N + 1) as follows.

Γ(XN−i, N + 1) =
N−i+5∑

m=N+1

C(XN−i, Ym), (5)

i ∈ {0, 1, 2, 3, 4}.

By comparing all Γ(XN−i, N + 1), ∀i ∈ {0, 1, 2, 3, 4},
we discard the reference frame which provides the small-
est Γ(·). Let us assume that Γ(XN−2, N + 1) is smallest,
then we discard XN−2 from Sr(N + 1). The real frame
buffer is Br

N+1(4) = {XN , XN−1, XN−3, XN−4}. Then
we delete Dj(XN−2, YN+1) and mvj(XN−2, YN+1) from
stored motion vectors and distortions.

3. EXPERIMENTS

In this section, we show the experimental results of our
proposed memory management control technique. For the
experiments, we implement the proposed algorithm into a
H.264 reference software, JM8.1a [4] with the baseline pro-
file. For the experiments, we use CIF sequences of length
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Fig. 2. Relative rate-distortion performance of the proposed tech-
nique with respect to the sliding-window technique, Top: SW4,
middle: SW3, and bottom: SW2. Full 5 uses virtual and real
buffers of size 5 frames. The result is for 100 frames of CIF Stefan
sequence.

100. Among 100 frames for each sequence, the first frame
is intra-coded, and remaining frames are inter-coded. For
motion estimation, we use the fast motion estimation im-
plemented in the reference software and quarter-pel refine-
ment, set the search parameter to 32, and use 16×16macro-
block partitioning. For the experiments, we use the virtual
frame buffer whose size is 5, and vary the size of the real
frame buffer. The proposed memory management scheme
requires signaling the utilization of the frame buffer at the
decoder side. For this, we use the memory management
control operation (MMCO) of H.264[2].

The proposed algorithm is compared with the sliding-
window memory management scheme which discards the
oldest frames. In Figure 2 and 3, we show the relative rate-
distortion (RD) performance of the proposed algorithm with
respect to that of the sliding-window technique. In these fig-
ures, SW4, SW3, and SW2 represents the sliding-window
technique which discards the oldest 1, 2, and 3 reference
frames among 5 reference frames, respectively. Also, P4,
P3, and P2 represents the proposed technique which uti-
lizes 4, 3, and 2 frames, respectively. As one can see from
these results, our proposed algorithm usually achieves bet-
ter RD performance compared to the sliding-window tech-
nique. However, the relative gain of our proposed technique
decreases in the lower bit-rate range. This is because as bit-
rate decreases, more matches tend to be found from more
recent reference frames.

4. CONCLUSION AND FUTURE WORK

In this paper, we propose an efficient memory management
control scheme which can reduce the memory requirements
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Fig. 3. Relative rate-distortion performance of the proposed tech-
nique with respect to the sliding-window technique, Top: SW4,
middle: SW3, and bottom: SW2. Full 5 uses virtual and real
buffers of size 5 frames. The result is for 100 frames of CIF Fore-
man sequence.

for multi-reference motion-compensated prediction at the
decoder side. The proposed technique employs a greedy
search to discard the least important reference frames, and
shows better prediction gain performance than the sliding-
window memory management scheme which discards the
oldest reference frames.The proposed technique is imple-
mented with relatively low additional complexity at the en-
coder side, and requires no search at the decoder side. How-
ever, the proposed technique requires look-ahead encoding
which introduces relatively small amount of encoding de-
lay, and requires the signaling to let the decoder know when
to discard reference frames.

For a video sequence where many matches come from
the older reference frames, our proposed technique shows
substantial gain performance enhancement.
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