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Abstract

Current synthesis methodologies based on hardware-
description languages focus mainly on two distinct lev-
els: behavior and register-transfer levels. In many
practical cases, however, the initial specification lies
between a pure behavioral description and a completely
structural one. This paper presents a method and al-
gorithms for exploring the design space between the
register-transfer and behavioral levels. The method
consists of the specification of a high-level state ma-
chine, which combines the advantages of a specific con-
trol structure, by means of states and transitions, with
the flexibility of behavioral descriptions inside each
high-level state. High-level synthesis techniques are
used for synthesizing this machine. As a result, the
user has control over the final controller implementa-
tion and is able to perform high-level trade-offs between
control and data-path.

1 Introduction

Most high-level synthesis systems divide the syn-
thesis problem into two subtasks: the generation of
a data-path (allocation) and a corresponding control
part (scheduling) [1]. This division makes it easier to
handle design complexity and allows the use of spe-
cialized optimization techniques, such as state min-
imization [2] and encoding [3] on the FSM, and re-
source sharing on the data-path. However it may lead
to inefficient designs. For example, flag variables are
often introduced to store special status conditions of
the machine and are used in conditional operations
to affect the control-flow. Usually, these variables are
stored in the data-path and used as inputs to the con-
troller. However, in many cases better results can be
achieved by moving these variables into the controller.
Similarly, there are cases where optimizations can be
achieved by moving variables from the controller into
the data-path [4].

In current high-level synthesis systems, it is possible
to influence the schedule by specifying constraints [5]
or by inserting special statements in the description,

such as the Next statement in ISPS. However, the ef-
fect of these constraints depends on the scheduling al-
gorithm used. Therefore it is difficult to influence, in
a deterministic way, the final controller organization
without knowledge about the scheduling algorithm.

At the logic level, it is possible to fully specify the
functionality of the controller and data-path. How-
ever, the controller and data-path are fixed and trade-
offs between control and data part require changing
the description.

This paper presents a method and algorithms for ex-
ploring the design space between the register-transfer
and behavioral levels. The goal is to be able to describe
a design using a behavioral hardware-description lan-
guage in such a way that extra control information can
be specified by the designer, and taken into account
during synthesis.

2 High-Level State Machines
2.1 Definition

A behavioral description can be represented as a
control-flow and a data-flow graph. Given a behavioral
specification, it is possible to partition it with respect
to its control and data-flow characteristics.

Given a partition B = (By, Bs,...B,) of the be-
havioral specification, a High-Level State Machine is
defined as: HLSM = [S,C,B,d,p|, where: S =
(S1,S2,...5,) is the set of high-level states; C =
(C1,Cs,...Cy,) is the set of control conditions which
result from conditional operations; d: S xC — S is
the high-level state transition function, which specifies
the next state depending on the present state and the
conditions; p:S < B is the partition relation which
assigns each high-level state S; to a unique part B; of
the behavioral description which is to be performed if
S, is active.

Figure 1 illustrates the general concept of high-level
state machines. Note that each B; consists of a general
sequential description which may include all types of
control structures (for example, function calls, condi-
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Figure 1: General structure of a high-level state ma-
chine

tionals and loops). Therefore each B; may be sched-
uled into several states of the final controller.

A HLSM encompasses several description levels:
from a pure behavioral description, where all opera-
tions are put into one high-level state, to a completely
specified description, where all states in the final con-
troller are defined (in this case the high-level states
are equivalent to the final controller states). Synthesis
of HLSMs can be performed at several levels, ranging
from fully respecting the high-level state boundaries,
to completely overriding them.

2.2 High-Level State Machine Specifica-
tion

Finite-state machines are commonly specified by
means of state variables. Similarly, HLSMs can also
be specified using high-level state variables.

In order to avoid complexity problems and also to
allow the designer to fully specify the partition of the
behavioral description, the following restrictions on
the specification of HLSMs are imposed:

e A HLSM is specified by a behavioral description,
in which a single variable, chosen by the designer,
is used as the high-level state variable. An initial
value for this variable must be given.

e The control-flow graph must depend on the values
of the state variable, in a way that each operation
is associated unambiguously with a single value of
the state variable.

Figure 2 shows an example of a HLSM specification
(a) which implements a 16-bit integer division and the
corresponding high-level state transitions diagram (b).
Variable sv was chosen as the high-level state variable,
which defines a partition with four high-level states.
The operations in each state can be easily obtained by
traversing the mutually exclusive branches from the

Case statement on sv (operation 1). State transitions
are derived based on the operations which assign values
to sv (operations 7, 8, 9, 15, 16, 22 and 25).

3 Synthesis of HLSMs

A high-level state in a HLSM may contain gen-
eral sequential specifications. Therefore, synthesis of
HLSMs requires the use of high-level synthesis algo-
rithms such as scheduling and allocation.

The algorithms described in this section are related
to the HIS system [7]. The same techniques can be eas-
ily adapted to other systems which use different con-
trol and data-flow representations. HIS uses control
and data-flow graphs as inputs to the scheduling and
allocation algorithms. For HLSM applications these
graphs are constructed based on the control and data-
flow of the partitions B; and on the high-level state
transition diagram of the HLSM.
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Figure 2: Example of HLSM description: (a) HDL
source, (b) high-level state transition diagram

3.1 Control and Data-Flow Graphs for
HLSMs

The HLSM control-flow graph is generated using the
following algorithm:

e Generate the original control and data-flow
graphs [6] from the behavioral description.

e Select the state variable (user defined) and deter-
mine the set of values assumed by it. These values



Figure 3: (a) Original control-flow graph, (b) HLSM
control-flow graph.

constitute the set of high-level states S. The ini-
tial value of the state variable corresponds to the
initial state of the HLSM.

e Traverse the original control-flow graph and deter-
mine the partitions B; which are associated with
each value of the state variable.

e Determine the high-level state transitions from
the operations which assign values to the state
variable.

e Reconnect the B; according to the high-level state
transition diagram. The new graph is the HSLM
control-flow graph.

Figure 3a shows the original control-flow graph
which is derived from the input description in Fig-
ure 2a. The resulting HLSM control-flow graph af-
ter removing the partitioning and reconnecting the
parts is shown in figure 3b. Note that this graph
is not a serial-parallel graph and its description by
means of structured hardware description languages
(e.g., VHDL) is not straight forward.

By construction, each high-level state transition in
the HLLSM corresponds to exactly one control-flow edge
in the HLSM control-flow graph. By marking these
edges the original HLSM boundaries can be recognized
by the scheduling algorithm.

3.2 Control and Data-Path Synthesis

For the synthesis of the final FSM controller and
data-path the scheduling and allocation algorithms im-
plemented in the HIS system [5, 8, 9] allow the user to
explore the design space by experimenting with several
synthesis strategies:

Strategy 1: The final controller should have the

same state transition diagram as the HLSM.
In this case the final controller is completely deter-
mined by the HLSM description. Scheduling detects
the edges in the HLSM control-flow graph which cor-
respond to high-level state transitions (marked edges),
and generates new states at those points. This case is
only possible if the operations in each high-level state
can be scheduled in one controller state. The schedul-
ing for the example in figure 2a according to this strat-
egy leads to a controller with the same state/transition
diagram shown in figure 2b.

Strateqy 2: The scheduler should take into account

the high-level state boundaries plus additional con-
straints.
In this case the scheduler respects the high-level state
boundaries (as in strategy 1), but if there are addi-
tional constraints, the operations in some high-level
states may be scheduled into several controller states.
However, operations belonging to different high-level
states are definitely scheduled in different controller
states. The constraints can result from specific con-
trol statements (e.g. LOOP statements) or user de-
fined area, delay or data-dependency constraints. Fig-
ure 4 shows the resulting schedule for the example in
figure 2a enforcing a constraint of one ALU for opera-
tions “>” and “-” (18 and 19). Due to this constraint,
the high-level state 2 needs to be split into 2 states.

Strateqy 3: The scheduler may override the high-

level state boundaries.
In this case, the marked high-level state boundaries
may be completely or partially overridden by the
scheduling algorithm, so that new schedules based
solely on the HLSM control and data-flow graphs can
be explored. Resource constraints may also be con-
sidered. Figure 5 shows the resulting FSM controller
produced by scheduling the control-flow graph in fig-
ure 3b, disregarding the high-level state boundaries
and with no constraints.

Strateqy 4: Synthesis of the original control and

data-flow graphs.
Since no specific syntactical or semantical constructs
are used for the HLSM description, scheduling and al-
location can always be applied to the original control
and data-flow graphs. In this case the high-level state
variable is realized as an ordinary register in the data-
path. Resource constraints may also be considered.



(status = no_input)

state operation condition
0 2,3,4,5,6 1
1 11,12 1
1 13,14 (y=0)
2a 18 1
2b 19, 20 1
3 23,24 1

Figure 4: Final FSM and schedule of operations
for DIVIDER using strategy 2 and a constraint of
1 ALU [>, .

[(x <y) & (status = new_x)] | (status = no_input) state  operation condition
0 2,3,4,56 1
0 18 (status = new_x)
0 19,20  (status=new_x) & (x>=y)
0 23,24 (status = new_x) & (x <y)
1 18 1
x>=y)& 1 19, 20 x>=y)
(status = new_x) 1 23,24 x<vy)
2 11,12 1
2 13,14, 23,24 (y=0)
(y/=0)& (x>=y) 2 18 (y/=0)
x>=y) 2 19,20 (y/=0) & (x>=y)
2 23,24 (y/=0)& (x<y)

Figure 5: Final FSM and schedule of operations for
DIVIDER using strategy 3 with no constraints.

4 Results

The algorithms for synthesis of high-level state ma-
chines described in this paper were implemented in
the HIS system [7]. The design examples were de-
scribed as HLSMs and used to test the various synthe-
sis strategies: Table 1 presents the results according
to the strategies described in section 3.2. Subcases
(a) and (b) correspond to constraints due to loops and
user given constraints respectively.

The results of synthesis respecting the HLSM
boundaries and without user defined constraints are
shown in case 1 and 2a. Examples FFSM, GFSM,
GCD, and DIVIDER preserve the state transition dia-
gram of the HLSM in the controller FSM (strategy 1)
whereas, for CAMERA, COUNTERARRAY, and IN-
TEG the operations in the high-level states could not
always be scheduled in one controller state (strategy
2).

Cases 3a show the results for synthesis strategy 3
which ignores the high-level state boundaries and ap-
plies no user constraints. This strategy was not applied
to examples FFSM and GFSM, since this would affect
the behavior of the machines.

Cases 2b and 3b (strategy 2 and 3 respectively)

show the effect of additional area constraints on the
final implementation. For examples GCD and DI-
VIDER the synthesis system was directed to use one
ALU for four and two arithmetic operations respec-
tively. As a result the final number of cells could be
reduced at the expense of a slower schedule.

In case 4 (strategy 4) the scheduling and alloca-
tion algorithms are applied to the original control and
data-flow graphs. This case produced an implementa-
tion with the same performance as in case 1 or 2, in
terms of operations per clock cycle. However for most
examples (except INTEG and GFSM) the number of
cells needed for this implementation was larger than
in case 1 or 2.

HLSM Descr. Strat. Controller Data Path
Design | States/ States/ | Reg.- | Reg./ | Mux.inp./ | Cells
Trans. Trans. | bits | R.bits| M.bits

camera | 5/12 || (2a) | 6/12 | 3 | 0/0 3/8 100
(3a) | 14/27 | 4 | 0/0 4/8 188
(4 | 6/16 | 3 1/3 14/26 | 265

counter- | 4/4 (2a) 6/8 3 5/32 18/105 785

array (3a) 4/5 2 4/31 21/140 862
(4) 3/6 2 | 6/33 | 20/119 | 788

integ 2/2 (2a) | 5/6 3 | 2/16 6/20 41
(3a) | 5/7 3 | 2/16 8/36 | 450
4y | 476 2 | 3/17 8/22 435

FFSM | 7/28 || (1) | 7/28 | 3 | 0/0 7/21 125
(4) 1/1 0 | 1/3 14/42 | 156

GFSM 5/17 (1) 5/17 3 0/0 5/15 81
(4) 1/1 0 1/3 10/30 75

GCD 374 M | 3/5 2 | 2/32 | 8/128 | 944
2b) | 5/7 3 | 2/32 | s8/128 | 850
(3a) | 2/4 1 | 2732 | 22/352 | 1358
(3b) | 4/6 2 | 3/33 | 12/192 | 991
(4) 2/4 1 | 3/34 | 117134 | 973

divider 4/7 (1) 4/8 2 3/48 9/114 1061
(2b) | 5/9 3 | 3/48 | 9/114 |1026
(3a) | 3/7 2 | 3/48 | 21/306 |1353
(3b) | 4/8 2 | 3/50 | 15/210 |1176
(4) 2/4 1 | 4/50 | 13/122 | 1088

Table 1: Results of synthesis for the various strategies
(not all stategies were applicable for all examples).

5 Conclusions

This paper presented algorithms for the synthesis of
high-level state machines. A HLSM combines, in the
same description, the advantages of a specified control
structure with the flexibility of behavioral descriptions
inside each high-level state. By describing a design in
terms of a HLSM, the user can influence precisely the
final controller implementation and can perform high-
level trade-offs between control and data-path. This
technique effectively bridges the gap between RTL syn-
thesis and high-level synthesis, by giving the user more
control over the synthesis results at the same time that
it uses high-level synthesis algorithms for scheduling
and allocation. Furthermore, by using procedure calls
in the input description, hierarchical HLSMs can be



specified and synthesized by this approach.

The results showed the effectiveness of the ap-

proach. In many cases smaller implementations were
obtained by synthesizing the designs respecting the
control partitioning present in the HLSM description.
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