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Abstract

As the processing capabilities and operating frequency of em-
bedded system are growing, so is the needed data bandwidth to
Sully utilize the processing capability. The ability to transfer huge
amount of data between the embedded core and external devices is
required for efficient system operation. In this paper, the data
communication architecture for the mixed-clock system is pro-
posed. The dynamic priority adaptation algorithm for bus arbitra-
tion is proposed for bandwidth guarantee. The communication
architecture that incorporates the proposed arbitration algorithm
adapts the priority of communication components dynamically
based on the information from FIFO. The experiments show that
the measured bandwidth of each component traces the required
bandwidth well compared to the other arbitration algorithms.

1. Introduction

With the advent of system-on-a-chip (SOC) time-to-market
pressure and the requirement of many components for the system
functionality made it difficult for a single design team to design
the whole system. Therefore, design reuse, or use of IP’s (intellec-
tual Properties) has become a nearly mandatory design methodol-
ogy for the design of electronic systems including embedded sys-
tems. The most important requirement of the embedded systems is
the performance and cost efficiency. As the embedded systems
incorporate a larger number of components and IP’s into a single
design, the communication time between heterogeneous compo-
nents such as programmable processors and dedicated hardware
components has become the dominant part of the system execution
time. The architecture for optimized inter-component communica-
tion determines the amount and type of communication between
different components of a system.

To reduce the communication overhead in the embedded system
design, many communication architectures have been proposed. In
[1], the scheduling algorithm for the interacting processes and bus
access is proposed. The process interaction includes both data flow
and the control flow. The execution time for the flow of control
between processes is considered for scheduling of the system exe-
cution. The inter-processor communication model and direct mem-
ory access was applied to the rapid prototyping of multi-DSP
systems in [2]. The buffered communication model for direct in-
ter-processor communication and direct memory transfer is used to
schedule the tasks on many processors, These techniques focus on
the static scheduling usually based on the control flow graph under
the assumption that the system behavior is predetermined and the
execution time of each process is predictable.

The arbitration mechanisms for several components that shares

common bus were proposed in [3] and {4]. The communication
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architecture tuner [3] is the additional layer of circuitry that

monitors the current status of communication and predicts the

relative importance of each communication transaction. The in-
formation about the relative importance enables the dynamic

scheduling of communication transactions. The Lotterybus in [4]

consists of a random arbitration algorithm and lottery manager. It

provides low latency and guaranteed bandwidth for the commu-
nication architectures. In [5], the data prefetch is applied to the
communication between components. The bus wrapper that in-
corporates the controller and prefetch unit transfers data between
components to reduce the read latency. Direct memory access

(DMA) architecture was applied to the real-time communication

mechanism implemented by software for high-speed data com-

munication in [6]. The pre-programmed DMA that removes the
control overhead improves the communication speed of sched-

uled processes. In [7], the DMA controller is synthesized for a

specific application although the synthesis mechanism does not

consider the system performance.

In this paper, we propose the communication architecture to
guarantee the bandwidth requirement for each communication
component in the mixed-clock embedded system. The novel arbi-
tration mechanism, dynamic priority adaptation (DPA) is intro-
duced. The proposed communication architecture incorporates the
enhanced DMA architecture with dynamic priority adaptation. In
section 2, the communication architecture for the mixed-clock
system is shown and limitations are explained. In section 3, the
communication architecture with the proposed dynamic priority
adaptation algorithm is proposed. The experiments are shown in
section 4 and the conclusion is in section 5.

2. The Communication Architecture for the Mixed-
Clock System

The data transfer between communication components that have
difference clock frequencies is usually implemented by First-In
First-Out (FIFO) hardware. DMA is a technique by which blocks
of data can be transferred from one part of the memory or periph-
erals to the other part without control of the embedded core. The
DMA controller is usually used to transfer data between several
FIFO’s and the memory of communication component. The con-
ventional data communication architecture for several communica-
tion components with DMA controller is shown in Fig, 1.

The clock of DMA is synchronized to the parent communication
component in Fig. 1 and moves data for one of the FIFQO’s. There-
fore, the arbitration mechanism that determines priority of FIFO's
is important for the high-performance data communication in the
mixed-clock system. It is required to design the efficient arbiter
that selects the winner FIFO for DMA transfer.
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Fig. 1. The mixed-clock data communication system. The
DMA controller moves data between FIFO’s of several com-
munication components and the parent communication com-
ponent.

The important issue of the arbiter in the communication architec-
ture is minimization of overall execution time. The scheduling
algorithms proposed in [1] and [2] determine the sequence of the
execution of each communication component at the compile time.
This static scheduling algorithm is not applicable to the general
embedded system where the state of each communication compo-
nent is determined dynamically by extemal environment. The
dynamic behavior requires the arbiter to select the winner for the
data communication based on current status of each communica-
tion component. Therefore, it is required for the arbiter of the gen-
eral embedded system to guarantee the bandwidth of each com-
munication component that changes dynamically.

In the mixed-clock system where FIFO is used, it is important to
check the FIFO status to guarantee the bandwidth of the commu-
nication component.

3. Communication Architecture with Dynamic Pri-
ority Adaptation

We designed a communication architecture that incorporates
DMA architecture with novel arbitration mechanism, dynamic
priority adaptation. 1t arbitrates between a multitude of FIFO’s
and the parent communication component and determines the
transfer parameters by itself. The child FIFO channels are usually
the component that comprises the embedded core such as periph-
eral subsystems and custom ASIC cores operating at different
frequencies. For the mixed-clock operation between the child
channels and the parent channel, FIFO’s are used for burst data
transfer. The FIFO for the DPA algorithm has additional signals to
report the current status of FIFO to the DMA controller. In this
section, we describe the proposed dynamic priority adaptation
(DPA) mechanism for FIFO arbitration.

3.1. Architecture

The block diagram of the proposed communication architecture
is shown in Fig. 2 with several communication components (CC).
The DPA arbiter requests current status of each FIFO at each
clock cycle. The selected FIFO channel by DPA arbiter sends the
information about internal status of FIFO to FIB. DPA arbiter
gathers the information and selects one of them based on dynamic

960

priority adaptation algorithm. The winner candidate information is
sent to DMA controller.

The burst length calculator (BLC) computes current burst length
of the winner candidate based on the FIFO information of the se-
lected winner candidate.

The DMA controller selects the winner candidate as current win-
ner if the processed data transfer is finished. If the winner candi-
date is determined, the new data transfer is started with the burst
length computed by BLC.

3.2. Dynamic Priority Adaptation

We have defined the current status of FIFO as follows:

e 4, : The depth of i-th FIFO. It is the same to the count of
buffer cells inside of the FIFO.

e ¢, : The current fill count of j-th FIFO at time «. It is the
occupied spaces in the FIFQ. Time ¢ is the clock cycle count.

e 5;: The status sampling period. It is the clock cycle count of
the interval of checking the current status of i-th FIFO.

e v, : The fill speed of i-th FIFO. It is the rate of filling of
FIFO at clock instant t. The fill speed is defined as

e, 1
Vi = =6, — ) —-
Os S;
The fill speed is initialized at each sampling point.

e f..: The fail count of i-th FIFO at time . When the FIFO
becomes full or empty, the communication component fails to
transfer data to/from the FIFO when it tries to transfer data.
The fail count of FIFO, £, is defined as the fail count of com-
munication component for the i-th FIFO during ;. It is re-
seted at the sampling point.

The priority of i-th communication component is determined by
the following heuristic equation,

D, =¢,t (Ci,l + vi,rdi).f;',lsi .

The priority is proportional to the sum of the current fill count,
ci; and the fill speed, v;;. The fill speed is the gradient of the fill
count at each sampling point. If fill speed for i-th component is
larger, it means that the communication component is likely to fail
to transfer the data in the near future. The arbitration algorithm
should increase the priority for that component to trace the re-
quired bandwidth. In other words, the current gradient field is
required to estimate the increment or decrement of the bandwidth
of i-th communication component. Therefore, the priority of i-th
FIFO should be proportional to the current fill count and the cur-
rent gradient of fill count.

The priority of the communication component that failed to
transfer data with the FIFO is increased by f;, that represents the
frequency of data transfer failure. When f;; equals to 0 at the be-
ginning of the system operation, the current fill count ¢;; becomes
the priority value.

To decrease the hardware complexity, the equation can be modi-
fied as follows if s; << 4; (The sampling period in cycle count <<
The FIFO depth),

The term (s; + d) is constant value for i-th FIFO. Therefore, p;;
can be computed using two multipliers for each FIFO. The deci-
sion of sampling period depends on the average variance of the
required bandwidth. The large variance means that the bandwidth
of each FIFO changes frequently. The sampling period should be
small so that DPA arbiter can adapt to the change of bandwidth.
The small sampling period does not show good adaptation at all
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times. If the sampling period is so small, the fill speed shows the
instant behavior. DPA arbiter can not consider the gradual behav-
ior of required bandwidths in this case.
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Fig. 2. The proposed communication architecture. The FIFO
information bus (FIB) carries the information about FIFO’s.
DPA arbiter and BLC compute the winner candidate and the
burst length based on FIB.

The burst length is also computed based on the FIFO informa-
tion. The heuristic equation for the burst length computation is as
follows.

C;, V; ,S;
b, =—L(1+-11)
2 d.

i

We can use the fill count of FIFO as the current burst length but
it is not preferred because it can starve the other FIFO’s. There-
fore, the fill speed to the FIFO depth is used to scale the current
fill count. The burst length becomes smaller than the current fill
count.

This equation can be modified as follows to remove the division
operation.

bi,l = (ci,t >> 1)1+ (A¢; >> n;))

where n; equals log, d..

4. Experiments

To demonstrate the excellence of the proposed DPA arbitration
mechanism, we have implemented the simulator for the mixed-
clock data communication. We have simulated several communi-
cation components with four arbitration mechanisms.

¢ ARBIT 0 : Round-Robin arbitration. The fill count for the se-
lected arbitration candidate is used as the burst length.

o ARBIT 1 : Fixed-Priority arbitration. The fill count is used as
the burst length.
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e ARBIT 2 : Dynamic priority arbitration based on the current
fill count that selects the FIFO channel with the maximum fill
count as the arbitration winner. The fill count is used as the
burst length.

e ARBIT 3 : DPA arbitration.

The example communication architecture has four communica-
tion components (CC). The required bandwidth of communication
components varies randomly. The bandwidth of DMA controller is
528Mbytes/sec. The sampling period s; is 32 clock cycles.

The DMA controller starts the transaction as soon as possible the
DPA arbiter and BLC finishes the selection of the arbitration win-
ner and the computation of the burst length, The overhead for the
arbitration is not large because the arbitration operation is exe-
cuted with the data transfer in parallel.

The average bandwidth of each component is shown in Table 1.

Table 1. The average bandwidth for each communication
component in the example system.

Required average bandwidth
CC#0 33 data transfers/1500ns
CC#1 50 data transfers/ 3750ns
CC#2 100 data transters/6000ns
CC#3 63 data transter/4500ns

The graphs for the required bandwidth and the measured band-
width of the communication component #1 are shown in Fig. 3.
The X axis is time in ps and the Y axis is the bandwidth in data
count/us. The required bandwidth is drawn as the solid line and
the measured bandwidth is in dotted line.

Fig. 3. The trace of the measured bandwidth of CC #1, where
DPA is used for the arbitration of communication components.

The measured bandwidth between 80ms and 120ms does not
trace the required bandwidth well in case of (a), (b) and (c). The
measured bandwidth fluctuates because the DMA controller is in
service for the other interfaces and does not serve for interface #1.

MSE (Mean Square Error) is the measure of control and quality
and is used as the level of the quality of bandwidth guarantee.
MSE equals the mean of the squares of the deviations from target.
In this experiment, MSE is the average of square of bandwidth
ditference at each sampling point. MSE of bandwidth tor each
component is shown in Table 2. The percentage of MSE compared
to ARBITO is shown in parenthesis. For each experiment, average
bandwidth and bandwidth variance are specified in unit of 1 data
transfer/100ns. The cycle count of each experiment is 120000
cycles.
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Table 2, MSE of bandwidth for each component.

I CCo [ cCi T2 [ cc3
Experiment 1
BW(1/100ns), | 2.2,14 13,08 1.7,0.1 14,05
Variance
(1/100ns)
ARBITO 695.1 4223.1 6453.9 81.1
(100%) 100%) | (100%) 100%)
ARBIT1 694.2 4251.6 6443.1 83.1
(99. 8%) (100.6%) (99.8%) (115%)
ARBIT2 681.3 3786.5 6489.0 798
(98.0%) (89.7%) (100.5%) | (98.4%)
DPA 602.5 3672.1 5938.2 38.2
(86.6%0) 86.9%) (92.0%) (47.1%)
Experiment 2
BW(1/100ns), | 3.2,3.3 1.9,09 2.0,1.1 1.6,0.5
Variance
(1/100ns)
ARBITO 6094.2 4478.1 5160.2 342
(100%) 100%) (100%) (100%)
ARBITI1 6180.8 4478.2 5192.2 329
(101%) (100%) (100.6%) 96.2%)
ARBIT2 5085.3 44355 4519.4 36.6
(83.4%) (99.0%) | (87.6%) (107.0%)
DPA 5140.7 3350.5 4297.7 204
(84.3%) (74.8%) (83.3%) | (59.6%
Experiment 3
BW(1/100ns), | 2.2, 1.4 19,22 20,14 16,1.0
Variance
(1/100ns)
ARBITO 263.9 3840.3 14140.5 769.3
(100%) (100%) (100%) (100%)
ARBIT1 263.4 3926.5 13951.1 7729
(99.8%) (102.2%) (98.6%) | (100.4%
ARBIT2 2123 4053.3 134332 205.8
(80.4%) (105.5%) (94.9%) (26.8%)
DPA 1523 4431 144772 1912
(57.7%) (1.1%) (102.4%) | (24.9%)

5. Conclusion

We have proposed a communication architecture that enables
the etticient data communication in the mixed-clock system. The
proposed DPA algorithm arbitrates between communication com-
ponents in the proposed communication architecture. DPA algo-
rithm adapts the priority of communication component and traces
the dynamic behavior of bandwidth of each communication com-
ponent. The graph of the measured bandwidth in example system
with DPA shows that the bandwidth using DPA traces the required
bandwidth very well. The measured MSE for DPA is about 70%
of that of the other arbitration algorithms.
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