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Abstract:

High-Level Synthesis is the process of mapping a
behavioral description at the algorithmic level to a
structural description in terms of functional units, memory
elements and interconnections (e.g. multiplexers and
buses). The intermediate format for High-level synthesis
can be represented in Control Data Flow Graph (CDFG),
Data Flow Graph (DFG), Control Flow Graph (CFG),
Finite State Machine (FSM), Finite State Machine using
Data path (FSMD) or Codesign Finite State Machine
(CFSM).

This paper describes a new theoretical approach
to Hardware/ Software codesign partitioning and
scheduling for a time-constrained system. The approach is
based on modified data path for CDFG model that capture
the design information from the source file specified by
VHDL language. Equivalent separate Control Flow Graph
and Data Flow Graph are helpful in representing the
specified source file. This paper discusses helpful
optimization method for HW/SW partitioning and High-
Level Synthesis tools.
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1. Introduction

HIGH-LEVEL synthesis (HLS) is the process that maps a
behavioral hardware description language specification into
a register transfer level (RTL) network. In most
methodologies, this RTL network is then submitted to logic
synthesis for gate level optimization that attempts to
produce a design satisfying certain area and delay
constraints. Clearly, the quality of the final result depends
on the quality of the two tools. If the RTL network
produced by HLS [1][2] is excessively inefficient, there is
no amount of logic optimization that will produce an
acceptable design. In order to produce an efficient RTL
network, HLS has to estimate or compute the effect that a
given high level algorithmic decision will have on the final
gate level network. This effect is translated into costs,

which are used in most HLS algorithms, such as
scheduling, allocation, and resource sharing. In most
Scheduling/allocation algorithms, the costs are usually
based on the number of states and number of resources.
These metrics give a rough indication of the complexity and
performance of the finite state machine (FSM) and data
path area of the final design. However,
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they almost completely ignore important aspects such as the
size and delay of the control logic.

This paper is organized as follows: Section 2
describes the High Level Synthesis, Section 3 deals with
different design models used for scheduling, Section 4
outlines partitioning , Section 5 relates our Scheduling for a
time constrained system, and Section 6 concludes with a
summary.

2. High Level Synthesis

The main steps involved in the high level synthesis of a
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digital system are:
1. Description of the behavior of the system.

2. Translation of the description into a graph (eg.
CDFGQG)

3. Partitioning the system behavior into Hardware and
Software module

4. Operation scheduling. Here each operation in the
Graph is assigned to a control step.

5. Allocate the resources for the digital system. Here
the resources can be function units assigned to
execute operation derived from the graph CDFG.

These functional units can be any IC executing some
function or a desired function unit with desired activities or
a processor. The scheduling step and the hardware
allocation are two important subtasks. These subtasks are
not independent. To obtain an optimal design a system
should perform both subtasks simultaneously. But many
systems perform them separately or apply iteration.

library ieee; use ieee.std_logic 1164.all;

Entity simple is

Port ( clock : in std_logic;

inl, in2, m1 : in integer range 0 to 3;

m2 : in Boolean;

outl, out2, out3, out4 : out integer range 0 to 3 ) ;

end simple;

Architecture behavior of simple is

Begin

Process (clock)

Variable A,B : integer range 0 to 3;
Begin

if (clock'event and clock ='1") then

B :=0; --00
Case (m1) is --01
When 0 => B:=inl +in2; --02
A=A+B; --03
When 1 => B:=3; --04
When 2 => A:=in2; -- 05
When 3 => A :=3; -- 06
B:=2; --07
End case; --08
Outl <= A; --09
if (m2) then - 10

b:=inl; --11

Else out2 <= B; - 12
Out3 <=A +inl; --13

End if; - 14

Out4 <= A+B; --15
end if;
End process; - 16
End behavior;

Figure 2 A simple system in VHDL
3. Control Data Flow Graph

A CDFG represents the specification of the design at a very
different level than the final hardware implementation.
Although the CDFG [3][4] may contain nodes representing
hardware operators such as adders and subtracters, it
usually does not contain any explicit specification of the
multiplexers and control logic required by the
implementation. An edge (or a node) in the CDFG is used
to represent a value, but in hardware this value may become
a simple net or a register, depending on the schedule. An
adder node in the CDFG [5] may be mapped onto an adder
or functional unit in the RTL network, which in turn may
be expanded into gates by logic synthesis and optimized
with the surrounding logic. Hence, it might be inaccurate to
consider simply the area and delay of an adder. These
simple examples show that the final implementation (and

Figure 3 Control Flow Graph
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cost) of a given CDFG node/edge is not really known until
after HLS or even after logic synthesis, making it very
difficult to measure hardware costs accurately during HLS.
The main reason is that these costs are computed on a
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Figure 4 Data Flow Graph representation

that is closer to the language level than it is to the hardware
level that it is trying to measure.

Moreover, the fact that HLS and logic synthesis operate on
different representations makes it very inefficient for the
two domains to interact. For example, during scheduling, it
would help to know the exact size and delay of the resulting
optimized control logic. In today's systems this would
require HLS to finish synthesis completely, and then logic
synthesis would process the controller in the RTL network.
This is a time consuming and inefficient approach. If the
two tools could operate on the same internal representation
this problem would be resolved. DFGs exist in many
different forms. This work uses a CDFG similar to
consisting of separate control-flow and data-flow graphs.
The control-flow graph (CFQG) in the Figure 3 represents the
sequencing of operations as described in the language
specification, including reordering and loop unrolling and
unfolding. The data-flow graph (DFG)[5] in the Figure 4
represents the data-dependencies among the operations and
values. The data path for CDFG model [6] is designed
using adders, Multiplexers and Demultiplexer from separate
Control Flow Graph and Data Flow Graph as shown in
figure 5. To optimize the logic it is further partitioned and
scheduled using algorithms.

4. Clique Partitioning

This partitioning can be applied to almost any subproblem
of the task assignment task. The probem of finding the
clique partitioning [5][7] of a graph is NP complete. It is
based on combining vertices in the compatibility graph step
by step. The resulting vertices are called super vertices. The
index 7 of a supervertex v; represents the set of indices of
the vertices from which the supervertex was formed. For

example, combing vertices v; ,v, and v; gives a supervertex
v. The intermediate graph after k steps of the algorithm is
called GM(V.X, EXX), the initial graph G (V."E. ), is equal
to the compatibility graph.

The algorithm looks for a pair of supervertices
with the largest number of common neighbors. A
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Figure 5 Data path for Control Data Flow Graph

supervertex v, € VCk is a common neighbor of the
supervertices v;, v; € VX if both edges (vi, vy)yand (vj, vy)
are included in E.*

The two supervertices are combined into a new
supervertex as described in the pseudocode of figure 6. The
new supervertex remains connected to the common
neighbors only. The algorithm goes on to combine
supervertices until the graph G.M(V.", E.* ) has an empty
edge set. Clique partitioning can be used for both
nonoverlapped and overlapped scheduling.

k< 0;

GHVE BS) S Gu(VoE );

While (B ¢

“find (vi, v € E.* with largest set of common neighbors™;
N < set of common neighbors of v; and v,

s S iuj
A2 VL s\ 4 Vi, Vit

E d’;

for each (v, vy ) € E*

I (Vin 2 Vi A Vin 2 Vi Vo 2 Vi Va2 V)

k+1 k+1

Ec < Ec U_{ (Vma Vn)};

for eachv, € N
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Eckﬂ@ Ec:]ﬁ—l U { (Vm P Vs)};

k< k+1;

}

Figure 6 A heuristic to compute the clique partitioning of a
graph

5. Force-directed Scheduling

A more sophisticated scheduling algorithm based on
mobility is the force-directed method. In this method the
resource utilization of the nodes to be scheduled are
estimated by assuming an average utilization within their
scheduling ranges. For example, a unit-time operation with
a mobility of three is assumed to use one third of a resource
for the three time instants within its scheduling range. The
combination of these averages results in a resource
requirement distribution function that is used by the
scheduling algorithm [8][7]. So the unscheduled nodes also
participate in the decision made during scheduling. The
main idea of force-directed scheduling is described in the
pseudocode of Figure 7. The worst case time complexity of
the algorithm can be derived. The force computations
dominate the calculation and require O(nzt zmax) time, where
n is the number of nodes in the DFG. It is mainly used in
system design where higher time-complexity is required.

“Determine & by computing o5 and o; ”;
k <—0;

while ( “ there are unscheduled operations™)
{

foreachr € R

“ compute 6, (5%, t)”;

for each “unscheduled” v € V {

for (t < &%n(v); t <& nun(v);

t <1+1)¢

“ compute F (& (k)\‘,% " G(k)) 7

if (““ this force is smaller than previous ones™) {

Vpest < V.

thest < T

¥

¥

(N)'(kﬂ) < Y (k))‘vbest > tbest ;
k <k+1;

}

Figure7 The force-directed scheduling algorithm

5. Conclusion

A modified data path for CDFG model is designed for
HW/SW codesign, which represents the RTL network in
graphical level representation. It is partitioned and
scheduled to obtain optimized logic. The pseudocode
described for the clique partitioning and scheduling
algorithm elaborated leads to a more exact approach to the
optimization of any time-constrained system. Future work
includes researches on generating CDFG model from C
source file. Partitioning and Scheduling of the system is
applied to the Control Data Flow Graph to generate
optimized Hardware and Software model.
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