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General Co-Design Problems

 Co-design of embedded systems

 Co-design of ISA’s

 Co-design of reconfigurable systems
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Important Issues in Co-Design

 Hardware/software partition

 Hardware/software co-simulation

 Hardware/software co-verification

 Hardware/software co-synthesis
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Hardware-Software 

Cosynthesis for Digital 

Systems
R. K. Gupta and G. De Micheli, “Hardware-
software cosynthesis for digital systems,” 
IEEE Design & Test of Computers, vol. 10, 
no. 3, pp. 29—41, Sept. 1993. 
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Introduction

 Design-oriented approach to system 

implementation
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Introduction

 Synthesis-oriented approach
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Introduction

 Proposed method: for mixed implementation
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Synthesis Approach Overview



Multimedia SoC Design Shao-Yi Chien 9

Capturing Specification of System 

Functionality and Constraints

 Use HardwareC

Double circles:

nondeterministic (ND) 

Delay operations

Edge: dependency
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Capturing Specification of System 

Functionality and Constraints

 Within graph: single 

rate

 Across graph: multi-rate

 Timing constraints

Min/max delay 

constraints

 Execution rate 

constraints
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Capturing Specification of System 

Functionality and Constraints

 Model analysis
 Processor model (cost, delay of 

operations, address calculation, …)

 Assign appropriate delays to the 
operations with known delays

 A timing constraint marginally 
satisfiable if it can be satisfied for 
all possible value within specified 
bounds on the delay of the ND 
operation

 Think of software as a set of fixed-
latency concurrent thread

ND
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System Partition

 Assign operations to hardware of software

 The assignment will determine the delay of 

each operation

 Consider the additional delay due to 

communication overheads
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System Partition

 Properties

Thread latency        (seconds)

Thread reaction rate         (per second) 

Processor utilization

Bus utilization

Hardware size 
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System Partition

 Target

Timing constraints are satisfied for the two 

sets of graph models

Processor utilization

Bus utilization

A partition cost function

is minimized
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System Partition

 How to find the solution?

Exhausted search

Use heuristics to find a good solution

Start with a constructive initial solution and 

then improve it iteratively by exchanging 

operations and paths between partitions
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System Synthesis

 Hardware synthesis

 Software synthesis

 Interface synthesis
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Hardware/Software 

Partition

S. Bakshi and D. D. Gajski, “Partitioning and 
pipelining for performance-constrained 
hardware/software systems,” IEEE Trans. on 
VLSI, vol. 7, no. 4, Dec 1999.
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Introduction

 Hardware/software partition and synthesis of 
throughput constrained systems

 Not only partition (spatial partition), but also 
pipelining (temporal partition)

 Develop a design flow to determine
 Allocation of system-level components

 Functional partition

 Pipeline to implement the system at minimal ASIC 
cost (actually, only consider the ASIC part, and the 
cost of processor is not included)
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Problem Definition

 Given

 A specification of the system as a control flow graph 

(CFG) of behaviors or tasks

 A hardware library containing functional units 

characterized by <type, cost, delay>

 A software/processor library containing a list of 

processors characterized by <type, clock speed, 

dollar cost, metrics file>

 A clock constraints and a throughput constraint for the 

complete specification
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Problem Definition
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Problem Definition

 Determine
 An implementation type (software or hardware) for 

every behavior

 The estimated area for each hardware behavior, as 
well as the total hardware area for the complete 
specification

 The processor to be used for each software behavior, 
as well as the total number of processors for the 
complete specification

 A division of the CFG into pipe stages of delay no 
more than the given throughput constraint
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Problem Definition

A and D can share the same 

processor because their 

schedules are non-overlapped
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Problem Definition

 Such that

Constraints on throughput are satisfied

Total area of behaviors to be implemented in 

hardware is minimized
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Assumptions

 Two software behaviors may share the same 
processor

 Every behavior partitioned to hardware will be 
implemented as a finite-state machine with 
datapath (FSMD)

 Resource in the datapath may be shared by 
multiple operations

 Two behaviors executing sequentially in the 
same pipe stage may share hardware resources,  
but resource sharing among multiple hardware 
blocks are not allowed
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Pipelined Architecture

 Take MPEG-1 decoder as an example
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Pipelined Architecture
 Each stage produce/consume 

one 64-element array every 
4000ns

 The fixed number of samples 
per input is referred to as a 
sample set
 block pipeline

 Each stage has sufficient 
memory
 Ex: double buffer, one for 

execution, and the other collects 
samples produced by the 
preceding FSMD

 Can we reduce the memory? 
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Proposed Algorithm

For short design time 

and high flexibility, it 

attempts to execute as 

many as possible 

behaviors in software.
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Step 1, 2, and 3

 First, generate the CFG with SpecCharts, their in-house 

tool with VHDL

 Then …

Step 2

Step 3

Software estimation!
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Example of Step 1, 2, and 3
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Step 4: Estimating Hardware 

Resources

 In order to minimize the cost of all the hardware 
behaviors, make them execute as slowly as 
possible
 attempt to achieve a pipe-stage delay 
equivalent to the constraint

 Determine the number of pipe stages with 
scheduling and resource allocation

 The output is a hardware execution table (HET) 
with area and execution time  
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Step 5: Scheduling and Pipelining 

the CFG

 We assign each behavior v to a pipe stage and 
to a time slot within a pipe stage such that 
predecessor behaviors of v finish their 
execution either in a previous stage or in the 
same stage before the behavior v begins its 
execution

 If v is a software behavior, we have to make 
sure that the selected processor is not used by 
any other behavior during the time interval that it 
is executing behavior v

 List-scheduling algorithm



Multimedia SoC Design Shao-Yi Chien 32

Step 5: Scheduling and Pipelining 

the CFG
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Step 5: Scheduling and Pipelining 

the CFG
From output to input

=2+8

=10+7 =10+5

Schedule order: ABD
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Step 5: Scheduling and Pipelining 

the CFG
 Software schedule order: 

ABD, assume we now 

have two processors: {P1, P2}

Proc. Beh. A Beh. B Beh. D

P1

P2

Each entry: completion time, pipe stage

7, 1

9, 1

(7+5), 1

(0+8), 1

Schedule
0                            7   8        10

A(P1)

B(P2) C(HW)

D(P1)

(8+2), 2

(8+3), 2

stage 1

stage 2



Multimedia SoC Design Shao-Yi Chien 35

Step 5 : Scheduling and Pipelining 

the CFG
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Step 6: Modifying the Processor 

Allocation

 If we do not find a feasible 
time slot for a software 
node  use faster 
processor or increase the 
number

 Use a simple almost 
exhaustive method for the 
modification

 Stop increasing the 
number of processors 
when it equals the number 
of software nodes

Order



Multimedia SoC Design Shao-Yi Chien 37

Possible Extensions

 Consider interface cost and delay

 Partitioning among multiple ASIC’s

 Hardware/software cost function

Combine all the cost of hardware, processor, 

and buses
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Experimental Results

 MPEG System: precise hardware estimation
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Experimental Results
 MPEG System: larger design space, fewer gate count and fewer of 

required number of processors
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Experimental Results

 Other examples: large design space exploration
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Architecture Synthesis: Maybe it is the Future?
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