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Load Balancing Method for Multiprocessor
Image DSPs Using a Multistage
Switching Network

YASUYUKI OKUMURA*, Kazunari IRIE* and Ryozo KisHIMoTO*

One of the greatest problems in realtime image processing with multiprocessor Digital Signal Processors
(DSPs) is the dynamic balancing of an unevenly distributed load on certain processors at a certain time. This
paper proposes a dynamic load balancing method for multiprocessor DSPs that can achieve Vector Quantiza-
tion (VQ) with Motion Compensation (MC) in a multistage switching network. First, it is shown that at most
30% of all picture elements require VQ processes that consume large amounts of processing power. A multiproc-
essor scheduling method is then introduced that uses a multistage switching network to achieve load balancing.
The proposed multiprocessor DSP can reduce the required processing power by using the load balancing
method. Finally, packet switching and circuit switching are compared as operating modes for a multistage
switching network, and it is shown that the processing power required for the former can be reduced to 20%

less than that required for the latter.

1. Introduction

Digital video transmission system development has
been triggered by the needs of video communication in
areas such as TV conferences, CATV, and high-defini-
tion television (HDTYV) along with the advances in high-
speed digital transmission and broadband integrated
services digital networks (ISDN) technologies using op-
tical fibers [1]. Video coding technology plays a key role
in the construction of broadband communication
facilities. Various video coding algorithms have been de-
veloped, such as motion compensation (MC) [2],
differential PCM (DPCM) [3], discrete cosine transfor-
mation (DCT) [4], and vector quantization (VQ) [5].
Video coding equipment should be flexible and pro-
grammable, because during its development, several
video coding algorithms must be studied from the view-
points of picture quality, coding efficiency, and cost. In
addition, programmable video coding equipment must
be economically adaptable to various service grades.
For these reasons, much research has been done on
digital signal processor (DSP) applications to various
video processing methods including video coding [6-8].

Video coding necessitates the design of a multiproces-
sor architecture because of the immense processing load
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involved. For example, processing power of between 1
GOPS (giga operations per second) and 10 GOPS is re-
quired for real-time HDTV video coding. One of the
greatest difficulties in video coding multiprocessor
systems is the dynamic balancing of an unevenly
distributed load on certain processors at a certain time.
A multistage switching network that provides a
dynamic load balancing function would be very
valuable.

This paper describes the results of simulation analysis
of a multiprocessor DSP video coding system using a
multistage switching network. First, taking a TV con-
ference as an example, we show that a time sequential
and spatial distribution of the processing power re-
quired for the video coding clarifies the problems in
multiprocessor DSP video coding. Next, we introduce a
dynamic load balancing method using a multistage
switching network in the multiprocessor DSP and
demonstrate its load balancing performance. Finally,
we compare packet switching and circuit switching as
operating modes of a multistage switching network
from the viewpoint of the amount of buffer and proc-
essing power required.

2. Technical Problems of Multiprocessor DSPs in
Video Coding

One of the greatest problems in video coding
multiprocessor DSP systems is the load imbalance be-
tween DSPs. In the video signal coding process example
using VQ in Fig. 1, pre-processing is normally used to



302

TDM transformation

(] L] ¥
16X 8 16X 8 [16X 8§ 16X §
ixels ixels |  pixels ixels |,
Moti(‘n vect 8 large blocks allocated
toa PE

4X4
ixels|

Active

Local
decoding

Frame
»| memory | :

.~ :Process shown in Figure 5
TDM: Time Domain Multiplexing
MC: Motion compensation

MD: Motion determination

VQ: Vector quantization

Fig. 1 Example of VQ video signal coding process.

reduce both the quantity of information and the
number of calculation steps. This pre-processing in-
volves determining whether or not to continue the cur-
rent VQ by correlating a video frame and the previous
frame. This is called motion determination (MD). In
the first step of this example, the MC process is carried
out as follows: First, the video frame is divided into
small blocks, and then a motion vector is obtained for
each block, to minimize its prediction error. In this ex-
ample, the block size is 16 X 8 pixels, which is suitable
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for the MC field. In the second step, based on the MD
result, if the correlation between a video block and the
previous block is small, the block is called ‘‘active,”’
and the coding proceeds to the VQ process. On the
other hand, if the correlation is large, the block is called
““inactive,’” and the coding does not proceed to the VQ
process. Before MD, the video block is again divided
into 4 X 4-pixel blocks to fit into the VQ process. For a
TV conference scene containing few moving objects,
the processing load between multiprocessor DSPs must
be balanced because the ‘‘active’’ blocks are unevenly
distributed in the video frames and vary with time.

To clarify the above phenomena quantitatively, the
multiprocessor DSPs’ video coding load density for a
TV conference scene is analyzed from the viewpoint of
the scene’s variation with space and time. In this
analysis, the scene includes two persons who are stand-
ing, and the video frame (=704 X 480 pixels) is divided
into 8 x 8-pixel blocks. The block distance (BD) be-
tween each block in the current frame and the corre-
sponding block of the previous frame is calculated as
follows:

-
BD={ X (X,~ YP/N, M

where

X,: n-th pixel’s value in a block of a frame,

Y.: n-th pixel’s value in the corresponding block of

the previous frame,

N: number of pixels in a block (=64 pixels).
If BD is greater than the preset threshold, the block is in-
terpreted as ‘‘active’’ and forwarded to the next proc-
ess. In the analysis, the threshold is set at 3, which is
fairly small in comparison with each of the pixel values
X, and Y, (from 0 to 255). The percentage of active
blocks is then measured in the large block, which is
formed by 9 x 10 blocks.
(1) Spatial distribution of video coding load
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Fig. 2 Spatial distribution of video signal coding load (threshold: 3).
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Block distance average: 2.02 std. deviation: 3.00
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Fig. 3 Time sequential transition of video coding load (threshold: 3).

The spatial variation of the active block percentage in
the video frame is shown in Figs. 2(a) and (b) with and
without MC. The horizontal axis shows the percentage
of active blocks, and the vertical axis shows the corre-
sponding number of large blocks and the number of
large blocks accumulated. The percentage of active
blocks contained in almost all large blocks is less than
10%, although the active block percentage in the large
blocks varies from 0 to 100%. Additionally, on
average, the percentage is 16% in the example with MC
before pre-processing, and 31% without MC.
Therefore, the multiprocessor DSPs, each of which is as-
signed a fixed area of large blocks, require several times
as much processing capability as those that are assigned
equal loads.

(2) Time sequential transition of video coding load

The variation of the active block density with time is
shown in Figs. 3(a) to (f) for each large block. In these
figures, the large rectangle represents a video frame,
and the small squares making up the video frame corres-
pond to large blocks. For each large block, the black
area shows the active block percentage; if a small

square is completely blackened, the percentage is 100%.
The examples with MC before pre-processing are shown
in Fig. 3(a) to (c), and those without MC are shown in
(d) to (f). The number of frames increases with time,
and therefore, time passes from (a) to (c). These figures
show that the high active-block-density area moves
from bottom to top in the video frame. Therefore, the
large blocks must be assigned to each DSP dynamically
for video coding.

3. Video Coding Scheduling Using Multiprocessor
DSP

3.1 Multiprocessor Architecture Using Multistage
Switching Network

We propose employing a multistage switching net-
work for the distribution of an unevenly distributed
load in the video frame to processor elements (PEs).
The proposed multiprocessor architecture is shown in
Fig. 4(a). The number of stages in the switching net-
work depends on the number of PEs, in this example, it
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is log, N when the number of PEs is N. In this paper,
the minimum load distribution algorithm [10], which
employs load information transfer links among the
switching elements (SEs) and the PEs, is used to assign
the load to the PE with the smallest load. The algorithm
does not necessarily perform best when the data
transfer overhead among PEs is large [11]. However,
the video coding load, which contains a huge amount of
pixels, can be broken down into large grain loads that re-
quire almost the same coding processes. Moreover, as
can be in Section 2, at most 30% of the coding load
must be transferred among PEs. Therefore, the data
transfer overhead is expected to be small in comparison
with the PEs’ coding load, and the minimum load
distribution algorithm is applied because of its simplic-
ity and good performance.

A block diagram of an i-th stage SE than can execute
the above-mentioned algorithm is shown in Fig. 4(b).
This SE consists of a main data stream circuit and a con-
trol circuit. The main data stream circuit handles video
signal data and consists of two buffer memories, two
output circuits, a 2 X 2 switch, and an output control cir-
cuit. The control circuit determines the output port by
comparing the loads on the SEs in the next stage. It is
divided into two groups of circuits: one consists of the
comparator and two (i+1)-th stage load value
memories, and the other of an i-th stage load value
memory and two latch circuits. The first group com-
pares the loads of the (i+ 1)-th stage SEs, and the other
group renews its own load value. When a SE receives a
differential load value from the previous stage SE, it
augments its own load value memory. When a SE sends
data through one of its output ports to the next stage’s
SE, it also sends a differential load value to the destina-
tion SE. The minimum load value algorithm [9] is ex-
ecuted by these functions.

3.2 Multiprocessor DSP Scheduling

The multiprocessor DSP scheduling time chart for
VQ is shown in Fig. 5. The operation time chart in this
figure corresponds exactly to the VQ coding process
shown in Fig. 1. This process can be described as
follows:

Step 1: The input video data is separated into large
blocks that are allocated to various PEs through the
input bus. Each PE executes the pre-processing
(active/inactive evaluation).

Step 2: During the pre-processing, the PEs select
large blocks containing active blocks from those
allocated and then transfer the active large blocks to the
multistage switching network. The transferred large
blocks are given the address numbers of the PEs to
which they were initially allocated. The switching net-
work conveys the large blocks to PEs with smaller
loads.

Step 3: A PE encodes the received large blocks, using
the VQ algorithm, and then transfers them into the
switching network again. The switching network feeds
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Fig. 5 Multiprocessor scheduling for video signal coding.

the encoded large blocks back to their originally
allocated PEs according to the address numbers.

Step 4: The original PEs finally form the video signal
frame from the fed back blocks and the inactive blocks.
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Then, they start to transmit the video signal into the out-
put bus from PE#1 in the same order as the data blocks
were received from the input bus.

3.3 Multistage Switching Network Mode

There are two operating modes for the switching net-
work:

Packet Switching Mode: The SE contains buffer
m~mories in the same configuration as in Fig. 4(b). It
stores the received data into the memories and forwards
them asynchronously to the SEs in the next stage. This
switching mode is shown in Fig. 6(a). If the data
packets received from both input ports are routed to the
same output port, they are stored in the buffer
memories to avoid any contention.

Circuit Switching Mode: The PEs contain buffer
memories at the input and output ports. They begin
transmitting the data after the switching network has
established the route. If the data packets received from
both input ports are routed to the same output port in
an SE, one of them is routed to the output port. The
originally transmitting PE is informed of any rejected
data, as shown in Fig. 6(b). Each PE stores the data un-
til data transmission is successfully completed. If the
PE is informed that data have been rejected, it re-at-
tempts to transmit them. The SE configuration is the
same as in Fig. 4(b), except that it contains a circuit for
informing PEs of data rejection instead of buffer
memories.

In the circuit-switching mode, the amount of hard-
ware making up the multiprocessor system can be
reduced, because no SEs contain buffer memories.
However, the fact that data transmission is continu-
ously retried until it is successfully completed may
adversely affect the throughput.

4. Required Processor Power and Buffer Memory
Capacity

4.1 Simulation Methods

The required processor power was evaluated for both
switching network modes, using computer simulation.
The parameters used in the simulation are summarized
in Table 1. The constant initial load and time-variant in-
itial load were allocated to PEs as shown in Figs. 7(a)
and (b). For both initial conditions, some of the PEs
were allocated only active blocks, and the others were
allocated only inactive blocks, on the basis of the results
presented in Section 2.

The simulation was performed according to the
following procedures. First, the number of PEs, N,
with only active blocks was calculated from the active
block ratio, which is defined as the ratio to all PEs of
those initially allocated active blocks. In the constant in-
itial load model, the PEs in the center of the 32-proces-
sor line were allocated the active blocks. In the variant
initial load model, the active blocks were initially

Buffer memory
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port 17 "po:;p 1 Packet X po
Input Output b Ty
pu i Outpul - port
port 2™ >po 12 C
information SE
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(a) Packet-switching mode (b) Circuit-switching mode

Fig. 6 Data transmission methods.

Table I Simulation parameters.

Item Value Item Value

PE number 32 Frame cycle 30 frames/sec

PE processing 33~ 100 MOPS Pixel number 1.651*10E6/frame
power

Switch element 33~ 100 Mbps  Required 80 operations
transmission operations
speed for A/1*
1 block 4*4 pixels Required 1270 operations
operations
for VQ
Large block 31 blocks Simulation 100 kHz
clock (=large block
period)

3328 (=104*32)
large blocks)

Area allocated 104 large blocks 1 frame
toa PE length

*A/1: Active/inactive evaluation
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Fig. 7 Input load model for simulation.

allocated from PE#1 to PE#N, where N was calculated
from the active block ratio. Those PEs then moved to
adjacent PEs after each frame period. Each PE started
the coding processes at a different time, as shown in Fig.
5.

After the pre-processing (active/inactive evaluation)
steps shown in Table 1, the PEs transferred only the ac-
tive large blocks to the switching network. All the PEs
stored the received video data in their buffer memories
and transferred them to the switching network again
after the VQ process steps shown in Table 1. Then, the
number of steps from the time of the PEs’ data acquisi-
tion to the time of their receiving coded data was
counted. This step number is the required processing
time. However, the time required to form a video signal
frame from the fed back data blocks was ignored
because it was extremely short in comparison with the
other processes.
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4.2 Multiprocessor DSP Performance

The maximum processing delay of the multiprocessor
DSP relative to the active block ratio when the initial
processing load is constant is shown in Fig. 8(a), and
the maximum processing delay for the time-variant in-
itial load is shown in Fig. 8(b). The input load models
are assumed to be as in Figs. 7(a) and (b). The max-
imum processing delay increases along with the active
block ratio in both constant initial load and time-
variant load models and in both packet- and circuit-
switching networks. It increases abruptly when it ex-
ceeds 3328 clocks, which is equal to one frame period of
the video signal, as shown in Table 1. This abrupt in-
crease occurs because the amount of incoming data sur-
passes the processing ability of the multiprocessor DSP.
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Fig. 8 Maximum processing time characteristics.

Y. OkuMURA, K. IRIE and R. KisHIMOTO

4.3 Required Multiprocessor DSP Power

The multiprocessor DSP must complete the proc-
essing of a frame within one frame period, that is to
say, before the next frame of the video signal reaches it.
This condition corresponds to the 3328 clock limit on
the maximum processing delay, as explained in Section
4.2. This requirement and Fig. 8 suggest that the
multiprocessor DSP power required corresponds to the
active block ratio shown in Figs. 9(a) and (b). In both
cases, the proposed multiprocessor DSP can reduce the
required processing power by using the load-balancing
method. Furthermore, the packet-switching mode is
superior to the circuit-switching mode in reducing the re-
quired processing power, achieving a 20% reduction
when the active block ratio is around 20% to 30% as in
TV conferences. The extra processing power required in
the circuit-switching mode must be due to the drop in
transmission efficiency that occurs when the PEs con-
tinue to re-attempt to transmit data until they complete
the task.
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Fig. 9 Required processing power characteristics.
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Fig. 10 Buffer memory consumption in the packet-switching net-
work.

4.4 Required Buffer Memory Capacity

The maximum number of data packets residing in the
SEs and PEs over a period of time was calculated in
order to evaluate the required buffer memory capacity
in both switching modes. The maximum number in
each SE and PE of the packet-switching mode is shown
in Fig. 10, and the number in each PE of the circuit-
switching mode is shown in Fig. 11. In both figures, the
input load model was the same as in Fig. 7(a). The PE
processing power is 50 MOPS in Fig. 10(a), and 100
MOPS in Fig. 10(b). In these figures, the maximum
number of data packets is large in the PEs in the middle
of the row because the active blocks are assigned to
those PEs initially. It is also large in the SEs in the mid-
dle of the first-stage row, but the data packets are
distributed almost equally among the SEs in the other
stages. In Fig. 11, the number is large in the middle
PEs, for the same reason as above.

The required amount of buffer memory capacity for
both switching modes is shown in Fig. 12, based on the
results in Figs. 10 and 11. It was calculated on the
assumption that all SEs have the same configuration
and contain buffer memory whose capacity is equal to
the maximum number of data packets residing in all
SEs. The same assumption applies to the PEs. As seen
in Fig. 12, the amount of buffer memory capacity re-
quired for the circuit-switching mode falls below the
amount required for the packet-switching mode. The
difference in the capacity is 15% if each PE’s processing
power is 100 MOPS and the active block ratio is around
20% to 30%. The increased amount of buffer memory
in the packet-switching mode must be due to it having
SEs with distributed buffer memories whose capacity is
the maximum number of data packets residing in all
SEs.
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If the input load model in Fig. 7(b) is used, the range
of PEs and SEs with a large number of data packets
broadens to include those initially assigned the active
blocks. However, the difference in the amount of buffer
memory capacity required for packet-switching and cir-
cuit-switching modes is almost the same as that in the in-
put load model of Fig. 7(a).

4.5 Discussion

As stated above, the amount of buffer memory re-
quired for the packet-switching mode is 15% larger
than that required for the circuit-switching mode, but
the former requires 20% less processing power than the
latter. To encode HDTV signals, which currently con-
tain the largest number of pixels, the buffer memory of
the packet-switching mode must be increased by 100
Mbits. This can be accomplished by adding twenty-five
4-Mbit RAMs. This overhead is negligible, considering
the total amount of hardware involved. The circuit-
switching mode also requires additional overhead in the
form of a circuit for informing the packet data rejec-
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tion. In the design of multiprocessor DSPs, these two
overheads tend to cancel each other out. Therefore, the
packet-switching mode is superior to the circuit-switch-
ing mode because packet switching offers higher perfor-
mance.

5. Conclusion

A new load-balancing method has been proposed for
multiprocessor DSPs in order to solve one of the
greatest difficulties in video coding: load concentration
on certain processor elements. Using computer simula-
tion, the processing power required for the new
multiprocessor DSP is shown to be reduced to about
half that of conventional multiprocessor DSPs when
the active block ratio is arount 30%. This paper has
also clarified the relation between the multistage switch-
ing network mode and the load-balancing efficiency. As
a result, the amount of buffer memory required for the
packet-switching mode is larger than that required for
the circuit-switching mode by a negligible 15%.
However, the processing power required for the former
can be reduced to 20% less than for the latter. The hard-
ware implementation of the proposed multiprocessor
DSP will be undertaken in the future.
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