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Abstract. With the significant driving force from the application do-
mains, modern embedded systems are designed over heterogeneous multi-
core SoC platforms. When more and more functions are integrated into
one system, the designs of embedded systems have become more and
more complicated. In particular, most of embedded multimedia appli-
cations are data intensive. Performance bottleneck are often caused by
inappropriate bus architecture design within the system. In this paper,
we present the algorithms for bus architecture optimization in MFASE.
The algorithm takes the workloads in the system and their timing be-
havior requirements into account. The goal is to minimize the number of
buses in the system without violating timing requirements. We prove that
the minimzation problem is NP-hard and develop a heuristic algorithm.
We evaluate the algorithm with extensive simulations. The performance
results show that the algorithm reduce up to 80% of the bus cost and
performs as well as optimal exponential algorithm does.

1 Introduction

Traditional system-level chip design aims at designing reliable single function
systems or distributed embedded systems. Thanks to modern SoC platform, a
multiple function system can be integrated onto a single chip. However, the
design complexity exponentially grows as the number of functions on one chip
increases. Traditional design approach is not suitable for such systems. With-
out proper system-level performance analysis tool and design tool, engineers
rely on their experience of designing single function systems to design multiple
function systems. The results are usually over-allocated resources such as bus,
memory and processing elements. In addition, traditional design tools focus on
the correctness of the systems. Timeliness of the systems is left for the applica-
tion engineers and is ignored during system-level chip design. Traditional design
method leads to great programming overhead and is not suitable for designing
multi-function SoC systems.
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The design of SoC can become very complex due to the variety of software
and hardware system blocks that need to be integrated. Mobile phone is one
example. As the market gets more competitive, more and more features such
as motion video capability and audio playback are integrated in mobile phones.
A new challenge is how to find a communication architecture between the cost
and performance trade-off efficiently for the mobile phone venders. It is because
that if all processing elements are on one bus, the execution of every processing
element becomes sequential. The application may be fail due to the bus con-
tention. To solve the problem, we can use multi-bus architecture to increase the
parallelism of the system.
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Fig. 1. An example of multi-bus architecture

Figure 1 shows an example of
multi-bus architecture which are
connected through a bus bridge
to exchange data between them.
Each bus subsystem has two
MPC755s [1] and a memory block.
Both bus systems in Figure 1 can
operate at the same time without
bus contention. In this way, the
system performance will increase.
On the other hand, the cost of the
system also increases because of additional bridge, memory and bus routing for
bus subsystems.

In last few decades, many researches have focused on the SoC communication
system-level synthesis problem [2,3]. In the paper, we are concerned with the
bus architecture synthesis for SoC platform. We use a directed acyclic graph
(DAG) to describe the software property including bus transaction, transaction
time, precedence constraint and timing constraint. We also demonstrate that the
proper selection of the communication architectures which based on multi-bus.
For this, we schedule the bus transactions of input software for the different
architecture and select one.

There are numerous advantage for conducting system level co-synthesis such
as shortening the design time, manufacture cost, die size and power dissipation
[4,5]. The researches in system level co-synthesis address on two main issues.
The first issue is to optimize the selection and mapping of the system’s func-
tional blocks onto a set of processing elements (PE), like CPUs, digital signal
processors (DSPs) and application-specific cores, etc [6,7]. The second issue is
to optimize the communication architecture between the processing elements
[8,9,10,11]. The separation between computation and communication enables
the system designers to explore the communication architecture independently
of processing elements selection and mapping. The focus of this paper lies on
the second problem of the system level co-synthesis design.

The targeted issue in this paper is to systematically determine on-chip bus
architecture so as to minimize chip cost subject to the real-time performance
constraints. The algorithm is a greedy algorithm. It starts with a most expensive
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architecture to conduct the feasibility test for the given task set. When the real-
time performance constraints are not met, the algorithm terminates. Otherwise,
the algorithm iteratively evaluates the design and reduces the number of buses
on the chip. It terminates when the real-time performance constraints cannot be
met. In this paper, we use a more practical model for the SoC bus design. Both
high-level bus transactions as well as the effect of shared memory accesses are
considered.

The remainder of this paper is organized as follows: In Section 2, we present
related work in on-chip bus communication synthesis and formally define the
problem. A two steps heuristic algorithm was proposed for on-chip bus commu-
nication architecture synthesis in Section 3. Section 4 presents the performance
evaluation results for the developed algorithms. Finally, Section 5 summaries the
paper.

2 Background and Formal Model

Our work is related to several on-chip bus synthesis researches. In [10], Lahiri et
al. presented an algorithm to find a communication architecture after the system
has been partitioned. They focused on how to use a set of bus architectural
templates to connect processing elements. To do so, the algorithm assumes that
the bus topology is given. In this paper, we relax this assumption. Specifically, we
are interested in how to synthesis the bus topology when the bus transactions
are given based on system-level design analysis. In [9], Kim et al. presented
the problem for finding the on-chip bus topology and the allocation of shared
memories. The proposed exploration technique is a three steps algorithm. In the
first step, they use a static performance estimation technique, proposed in [8], to
quickly evaluate each candidate design and prune the design space. The second
step is to scatter communication traffic in conflict on a bus into different buses
to reduce conflict and maximize concurrency. For this purpose, the algorithm
selects a processing element one at a time, allocates it to a new bus, and produces
different share memory allocation. This step is time consuming, when the number
of processing elements are large. The last step determines the priorities of each
processing elements.

In [11], Pandey et al. formulate the problem from a different perspective.
The given input is a hardware communication lifetime interval graph (CLTI.) In
CLTI, it is assumed that the computation time for each processing element is
a constant but the bus transaction time, depending on the bus width, is not a
constant. The contribution of the paper is to find an optimal bus width which
minimizes the bus contention, and then to optimize the on-chip bus topology.
Unfortunately, many bus protocols such as AMBA only support fixed bus width.
Hence, this approach is only applicable for custom designed bus architecture.

In the following, we define the terms used in this paper and define the problem
of interests. Processing element, denoted by PEk where k is no less than 0, is
a CPU, DSP, or an ASIC in the system. A Task is a sequence of works such as
computation and file access to complete certain function. Tasks are denoted by
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T1, T2, etc. When a task needs to send or retrieve data from other components
in the system such as memory or processing elements, it triggers a bus access
request. When the bus is free, the task occupies the bus to send or retrieve data.
Otherwise, it may wait till the request is granted by bus arbitrator. Namely,
a bus transaction is a data transmission over bus by a task to other devices
in the system. The bus transactions for task Ti are denoted by BTi,1, BTi,2,
etc. In this paper, we assume that the execution of a bus transaction cannot be
interrupted. A bus transaction fails when it is interrupted during its execution. A
bus transaction is defined by two parameters: requesting PE and bus transaction
interval. Requesting PE is a processing element on which the task starts the
bus transaction, and bus transaction interval is the amount of time needed to
complete the transaction. Bus transaction interval for bus transaction BTi,j

is denoted by BIi,j ∈ Z
+. We assume that the length of all bus transaction

intervals are known a priori. It is because the HW/SW partitioning result has
given. Precedence constraint is the execution order of bus transactions. A bus
transaction cannot start until all of its preceding bus transactions complete.

Bus transaction graph, denoted by BTG = (V, E) where V and E is the set
of vertex and edges, is a labeled directed acyclic graph. A vertex, denoted by
vi,j , represents bus transaction BTi,j ; A directed edge from vi,j to vi,k, denoted
by ei,j,k, represents that bus transaction BTi,j is the preceding bus transaction
for bus transaction BTi,k.

While designing a system-on-chip, we are often interested in a set of tasks.
Hence, we can present all the bus transactions for the set of tasks by a set of bus
transactions. Common relative deadline for a set of bus transactions, denoted
by D ∈ Z

+, is the maximum allowable response time for any of the bus trans-
actions. The set of bus transactions meet its timing constraint when all the bus
transactions complete before the common deadline. The rationale of meeting
timing constraint is to assure that the tasks can meet their real-time perfor-
mance requirements. Example for the real-time performance requirements are
the playback rates for multimedia player and sampling rate for audio recorder.

Local memory for a bus transaction means that the memory and requesting
PE are on the same bus; Remote memory for a bus transaction menas that
the memory and requesting PE are not on the same bus. Hence, when the bus
transaction is executed, it will occupy at least two buses to access the memory.
Shared memory, denoted by SMi,j,k, represents a region of memory space for
the data communication between bus transactions BTi,j and BTi,k. When the
bus transaction BTi,j is executing, the bus connected to the shared memory
space is reserved for bus transaction BTi,j to access (i.e. read or write) the
shared memory space. Bridge connects two buses such as AMBA AHB bus so
that a processing element on one bus can access the memory on another bus.
We assume that the bridges are programmable and can be set as open or close
during the run-time. If a bridge is open, the two buses connected by the bridge
can be simultaneously reserved by different PE in the same time. On the other
hand, the two buses are linked together, they will be regard as one bus and
simultaneously reserved by the same PE.
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Communication architecture is based on multi-bus architecture. Every bus
connects at least one processing element and exactly one memory. The different
buses which are connected by bridges can be reserved by different processing
elements concurrently. The more buses brings more concurrency and higher cost.

The bus architecture synthesis problem is defined as following.

Definition 1. Given a set of bus transaction graphs G =
{BTG1, BTG2, ...BTGN} and their common deadline D. The problem is
to determine a communication architecture with the minimal number of buses
subject so that the timing constraint is met.
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Fig. 2. An example of bus transaction
graphs

In the following, we use an example to il-
lustrate the problem defined in Definition
1. Figure 2 shows the set of bus transac-
tion graphs: BTG0 and BTG1. There are
six bus transactions. The color and label
of each vertex represent its requesting PE
and bus transaction interval. For instance,
BT0,0 and BT1,1 are requested by process-
ing element PE0 for 3 time units. In ad-
dition, bus transaction BT1,1 and BT1,2
can start only after bus transaction BT1,0
completes, due to the precedence constraint. Figure 3 shows a communication
architecture for the bus transaction graphs shown in Figure 2. This architecture
uses two buses to connect three processing elements. The processing elements
PE0 and PE2 are allocated on bus B0 and PE1 is allocated on bus B1. The
shared memory SM0,0,1 and SM1,0,2 is allocated on memory M0. The shared
memory SM1,0,1 and SM0,1,2 is allocated on memory M1.

Bridge

PE0 PE2 PE1

SM1,0,1

SM0,1,2

SM0,0,1

SM1,0,2

Memory M0 Memory M1

Bus B1
Bus B0

Fig. 3. An example communica-
tion architecture for BTG0 and
BTG1

Given the communication architecture, we
can find the bus transaction schedules. Figure
4(a) illustrates the schedule without shared
memory. Figure 4(b) illustrates the schedule
with shared memory. The blocks in the sched-
ules represent the bus reservations. There are
two kinds of bus reservations which caused by
local memory access and shared memory ac-
cess. For example, block BT0,0 is a local mem-
ory access, so bus 0 is reserved for the tempo-
rary files I/O when bus transaction BT0,0 is
executing in the time interval 0 to 3. SM1,0,1
is a shared memory access between BT1,0 and
BT1,1, so bus 1 is reserved for reading input data from the shared memory when
bus transaction BT1,1 is executing in the time interval 5 to 8. Similarly, bus 1
is reserved for writing output data to the shared memory when bus transaction
BT0,1 is executing in the time interval 3 to 5.

Our problem is to find a cost effective architecture with a bus transaction
schedule which meets the timing constraint. We will show that the sub-problem
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Fig. 4. Bus Transaction Schedule Examples

to schedule the bus transaction graphs on a given architecture is a NP-complete
problem. In our model, each bus transaction graph is a connected graph in DAG
and released at time 0. There is a common deadline for all bus transaction graphs.
In a given architecture, each bus transaction is scheduled to the requested PE’s
local bus, so the allocation of bus transactions are given. If all the bus transaction
graphs are chains, the sub-problem is to schedule the bus transaction graphs
which are chains on a given architecture. The special case of the scheduling
problem is the JOB SHOP SCHEDULING[12] which is NP-complete. The
special case of the sub-problem is a NP-complete problem, so the hardness of
the problem we want to solve in this paper is also NP-complete at least.

3 On-Chip Bus Synthesis Algorithms Design

In this section, we present the heuristic to find near optimal bus architecture,
Greedy Bus Architecture Synthesis Algorithm (GBASA.) The GBASA algorithm
is an iterative algorithm and consists of three major steps. GBASA algorithm
starts with the bus architecture in which each processing element is connected to
one dedicated bus to conduct the feasibility analysis. If there is no feasible sched-
ule for this architecture, the algorithm stops because the timing constraint will
never be met. When the timing constraint can be met, the algorithm continues to
reduce the number of buses so as to reduce the cost. The algorithm stops when
the timing constraint can barely be met.

Shared memory allocation

No

Yes

No archMeet timing constraint?

Meet timing constraint?

Yes

No
Return previous arch.
and end of algorithm

Schedule generator

Arch. generator

Merge bus &

Fig. 5. Flow of GBASA Algorithm

Figure 5 shows the flow of the proposed
algorithm. In the first step, the algorithm
synthesizes a most expensive architecture
in which every processing element has its
dedicated bus. The second step revises
the initial architecture by scheduling the
bus transactions. If the timing constraint
cannot be met, the algorithm terminates
and returns no feasible architecture. Oth-
erwise, the third step chooses a pair of
buses and merging them into one bus to
reduce the cost. In order to shorten the
finish time of the bus transaction graphs,
the pair of buses which cause less effect
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to the finish time of the schedule is merged. After merging the bus pair, the
algorithm returns to the second step to revise the architecture. If the timing
constraint can be met, the third step tries to reduce cost again. On the con-
trary, the algorithm returns the last feasible architecture and terminates. In the
following, we present the algorithm step by step.

Bus 1

Bridge 1Bridge 0

Memory 0 Memory 1Memory 2

Bridge 2

PE0 PE1

PE2

Bus 0 Bus 2

Fig. 6. The initial architecture

Initial Communication Architecture Gener-
ation. The algorithm first adds processing
elements to the initial communication ar-
chitecture, and one memory and one ded-
icated bus for every processing element.
Then, the algorithm checks every edge in
the bus transaction graphs for examining
the communications between processing el-
ements. If there are bus transactions be-
tween any two processing elements, the al-
gorithm adds a bridge between two dedi-
cated buses. After this initiation, we will
have a communication architecture with
high concurrency and cost. It is because we
use as many memories and buses as we can. Again, take Figure 2 as the input of
the algorithm. The algorithm Initial Architecture Generator generates the initial
architecture which has three PEs with its own bus and memory. After initializing
PE, bus and memory, we add a bridge for a pair of buses, if the two PEs on the
two buses have to communicate to each other. The output of the algorithm is
shown in Figure 6.

Architecture Evaluation. In the second step, the algorithm first conducts the
feasibility test and considers the share memory allocation later.

To efficiently generate a schedule which has a short makespan, we use a heuris-
tic instead of exhaustive search. Observing the given task set, we know that each
bus transaction has its own release time1, deadline, and is non-preemptive. The
scheduling policy is to schedule the bus transaction which has longer residual
execution time. The residual execution time of a bus transaction is the summa-
tion of all the successors’ execution times. The rationale is that longer residual
execution time implies that there are more bus transactions to be completed
before the common deadline. We use the value to determine the importance of
bus transactions. The time complexity of Longest Successors’ Execution Time
First Algorithm is O(n2). The algorithm is similar to the Least Slack Time First
algorithm [13]. The difference is that each bus transaction does not have equal
release time but has common deadline. When the requesting PEs for two consec-
utive bus transactions are located on different buses and need to exchange data,
share memory is the most common mechanism to do so. However, more than one
bus may be occupied to access a remote share memory. Hence, which memory
1 Only the first bus transaction for every BTG, BTi,1 for i ≥ 0, has the same release

time.
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on one of the two buses is used for a share memory determine the makespan
and cause deadline miss. After a feasible schedule is found in the above step, the
algorithm determines the use of share memory. Three cases are considered:

– When both the schedule of the two buses have available time intervals for
remote memory access, the algorithm selects the one with shorter bus trans-
action interval.

– When only one of the bus have available time interval for remote memory
access, a remote memory access is inserted to the bus.

– When none of the two buses has available time intervals for remote mem-
ory access, a remote memory access is inserted to the bus for shorter bus
transaction interval.

Inserting remote memory access in the first two cases does not prolong the
makespan.However, the third case prolongs the makespan. If the timing constraint
cannot be met, the architecture is not feasible and the algorithm terminates.

Memory 1

Bridge

PE1 PE2 PE1

Bus 0 Bus 1

Memory 0

Fig. 7. The example architecture after
one iteration

Communication Architecture Cost Down.
When the timing constraint is still met,
the GBASA algorithm continues to reduce
the number of buses in the design. The al-
gorithm selects one of the bridges if there
is any to remove. Two metrics, overlap
time and precedence number, are used.
The overlap time of a bridge is the sum of
time intervals during which the two buses
are occupied simultaneously. The prece-
dence number of a bridge is the number
of bus transactions to be removed due to
the remote memory access between the bus pair. First, we choose a set of bridges
which have the same shortest overlap time. In the second step, we choose a bridge
which has the largest precedence number. The rationale is that we merge the
two buses which have less bus contention. By merging the bus pair, we can also
reduce the additional bus transaction caused by shared memory access. By using
this algorithm, we merge the bus pair bus B0 and B2. Figure 7 shows the new
architecture after bridge remove. The new architecture will be evaluated by Step
2 for further cost down.

4 Performance Evaluations

We evaluate the performance of the GBASA algorithm by extensive simulations
and compare its performance with the exponential branch and bound algorithm.
Two metrics, optimality and timing overhead time, are measured to evaluate
the performance. Optimality is the ratio of the number of buses selected by the
GBASA algorithm to that selected by branch and bound algorithm. Timing over-
head is the amount of time that the two algorithms take to complete their designs.
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Fig. 8. Evaluation Results

The software environment of the experiments is Ubuntu Linux Distribution
and GNU GCC 4.0. The hardware environment is a machine equipped Intel
Pentium III 800 MHz and 128MB RAM. We evaluate our algorithm in differ-
ent types of bus transaction graphs including DAG, tree and chain in order to
simulate different types of applications. The transaction time are uniformly dis-
tributed in the range of 10 to 70. We compare the result of the GBASA algorithm
to the worst case architecture and the optimal case architecture.

Figure 8(a) shows the timing overhead of the GBASA algorithm and B&B
algorithm. The confidence interval of each data point in the figure is no less than
95%. The x-axis is the total number of bus transactions. The y-axis is the run-
ning time in milliseconds. As shown in the figure, the timing overhead of B&B
search-based algorithm exponentially increases with the number of bus trans-
actions. On the other hand, the timing overhead of GBASA algorithm slowly
increases. Figure 8(b) shows the optimality of the GBASA algorithm. The figure
shows that the GBASA algorithm performs as well as the branch and bound
algorithm. Figure 8(c) shows how many redundant buses the GBASA algorithm
eliminates, comparing to the worst design. A worst design is the one in which
every processing element has its dedicated bus and memory. Figure 8(c) shows
the results when there are 15 PEs. The results show that the GBASA algorithm
performs as well as an optimal results and eliminates up to 80% of the buses
from the worst design.

5 Conclusion and Future Work

In this paper, we presented a solution for on-chip bus synthesis for a system-on-
a-chip (SoC) such that the communication cost if minimized subject to real-time
performance constraints. We developed a three stages heuristic, GBASA algo-
rithm, to synthesize on-chip bus design and shorten the makespan simultane-
ously. Performance evaluation results show that the GBASA algorithm reduces
the run-time overhead and derive near-optimal solutions. For the future work, we
can extend the communication architecture to the multi-layer bus architecture.
It is because the multi-layer bus architecture can also provide higher concur-
rency. Another research direction is the routing path of the on-chip bus. The
complex of SoC is still growing up. There will be more complex connection be-
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tween hardware components. The routing path of on-chip bus will affect the size
of chip, energy dissipation and the propagation delay.
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