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Abstract tion language is directly modeled by a circuit without enu-

This paper proposes applying a logic synthesis approach
to high level synthesis from SpecC specifications to timed
asynchronous gate-level circuits. The state-based logic syn-
thesis is used to allow for global and timing optimization.
In order to reduce the overhead in resetting phases, a proto-
col called early acknowledgment protocol and its STG gen-
eration technique are proposed. In this protocol, the state
variables inserted to guarantee that STGs have CSC usually
cause no overhead. The experiments to synthesize a portion
of a DCT circuit show that the proposed method can handle
a nontrivial example and produce a smaller and faster cir-
cuit than a previous approach.

Key Words: High level synthesis, SpecC, resource alloca-
tion/scheduling, logic synthesis, timed STGs, Balsa

1. Introduction

Recently, high level synthesis from C-like languages
such as SpecC and SystemC is attracting attention of syn-
chronous circuit designers, and several commercial tools
(from Mentor Graphics, Bluespec, Forte, etc.) and public
tools (e.g., Spark[1]) are now available that support it. We
have been developing a tool that synthesizes asynchronous
circuits from a subset of SpecC descriptions. In this ap-
proach, users can express specifications at a level in which
asynchronous and synchronous designs are indistinguish-
able, and so, asynchronous circuits can be synthesized with-
out special knowledge for asynchronous circuit design. Fur-
thermore, the same specification can be used to synthesize a
synchronous circuit, which makes it easier to compare both
asynchronous and synchronous implementations.

The high level synthesis of asynchronous circuits have
been studied mainly in the context of syntax directed trans-
lation or local control [2, 3, 4, 5, 6, 7]. These methods are
extremely efficient because each construct of the specifica-
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merating the state space. These methods, however, make it
difficult to perform global optimization such as logic min-
imization and timed circuit optimization. For this reason,
we have been tackling the challenge of using logic synthe-
sis for high level synthesis. In this approach, the high level
description is translated to a signal transition graph (STG),
to which the low level logic synthesis method is applied.
The major reasons that this approach has not been used to
date for high level synthesis are the state explosion problem
and the complete state coding (CSC) problem. Since STGs
generated from high level descriptions are usually large, it
is extremely difficult to generate its state space and solve
the CSC violations. In order to overcome these problems,
we have proposed a method for decomposition based logic
synthesis [8], in which the given STG is projected for each
output signal such that it has sufficient information to syn-
thesize the sub-circuit for this output signal. This approach
scales very well, especially for STGs that have CSC and
a small relevant input set (CSC support set) for each out-
put signal. For example, in the experiments done in this pa-
per, an STG with 533 signals and 1907 transitions is suc-
cessfully handled by this approach. As for the CSC prob-
lem, this paper shows a solution in which STGs are con-
structed that already include all the state variables necessary
to achieve CSC. The remarkable feature of this approach is
that those inserted state variables cause almost no perfor-
mance degradation in many cases due to the use of a special
protocol. Our high level synthesis approach based on logic
synthesis, of course, has limitation in the size of STGs, be-
cause state space exploration is necessary unlike the syntax
directed method. This problem can be avoided by express-
ing the SpecC specification as a set of procedure declara-
tions, and synthesizing each procedure separately. The per-
formance overhead in using procedures certainly exists, but
it can be reduced by defining as large procedures as possi-
ble that can be synthesized in a reasonable amount of time
and memory.

The goal of this paper is to present the logic synthesis ap-
proach to the high level synthesis, to show how the global
and timed optimization can be done, and to demonstrate that
it can handle nontrivial examples.
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Figure 1. Tool Flow.

The rest of this paper is organized as follows. The next
section describes the overall approach of our method. Sec-
tion 3 discusses the special protocol used in our method.
The STG generation algorithm based on that protocol is
shown in Section 4. Section 5 explains how timed circuits
are synthesized in our approach. Section 6 shows several ex-
perimental results, and the conclusion is given in Section 7.

2. Approach

The flow of the high level synthesis tool that we are de-
veloping is shown in Figure 1. This tool synthesizes data
path circuits using the bundled data method, where it is
assumed that the maximal data-path delay for each opera-
tional unit or memory, called a matched delay, is given. The
input of the tool is a specification for a circuit to be syn-
thesized expressed by a subset ' of the SpecC language.
The tool also takes the resource constraints, i.e. the maxi-
mal number of operational units for each type of arithmetic
and relational operations.

The first step of the synthesis is to allocate the oper-
ational units and registers according to the resource con-
straints. The list scheduling algorithm and left-edge algo-
rithm [9] used in synchronous design are adapted to our
purpose in this step [10, 3, 11]. The result of this step is ex-
pressed in the Balsa language [12]. The Balsa language is
chosen because sequential and parallel execution can be ex-

1 Currently, it is admost C except that it also alows datapath declara-
tions, synchronization, and port communication.
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Figure 2. Resource Allocation/Scheduling.

pressed explicitly and clearly as well as port write/read op-
erations are supported. Other languages can be used as long
as these properties are satisfied. Another advantage of us-
ing Balsa descriptions is that the Balsa synthesis system can
be applied to obtain actual circuits, which makes it easier
to check the specification and estimate the circuit perfor-
mance.

Although our Balsa descriptions to express the resource
allocation results are legal with respect to the Balsa gram-
mar, they do not use any Balsa built-in arithmetic opera-
tions such as addition and subtraction. Instead, every op-
erational unit is connected to the corresponding input and
output ports, and each operation is performed by sending
and receiving data through those ports to/from the opera-
tional unit determined by the resource allocation algorithm.
For example, consider a sequence of assignment statements
shown in Figure 2(a) that are taken from a SpecC program.
Its data dependency is shown by the solid arrows in Fig-
ure 2(b). From this data dependency, one can notice that 4
multipliers and 4 adders are necessary if these operations
must be done as concurrently as possible. Note that 4 mul-
tipliers instead of 3 are necessary, because the multiplica-
tion for r3 and r4 is ready after “by + by and “bs + b3”, but
there it no guarantee that any of the other three multiplica-
tions are finished at that time. On the other hand, the multi-
plication for r; and rg can be started only after “cq x ¢;”.
Thus, the multiplier used for “cq x ¢1” can be used again for
“ry % rg”, which implies that 5 multipliers are not needed.

Suppose that at most two multipliers and two adders can
be used at the same time. This resource constraint is rep-
resented by adding resource edges [11], shown by dotted
arrows in the figure. A resource edge from operation 1 to
operation 2 indicates that operation 2 should wait until the
completion of operation 1. Since maximal delays of func-



tional operations are assumed to be known in our method,
the list scheduling algorithm for synchronous clock cycle
assignment can be used to schedule the operational units,
if every operation is considered to take multi-clocks. The
obtained scheduling of operational units is actually repre-
sented by giving causality relation between operations us-
ing resource edges, instead of assigning clock cycle to each
operation. Registers that can be shared are determined also
from the maximal delays of operational unists based on the
left-edge algorithm.

Figure 2(c) shows one implementation of this data
flow graph with resource constraints which uses sequen-
tial (;) and parallel (]|) constructs, where, for example,
MUL, (r1,a0,a1) denotes that the multiplication be-
tween ag and a; is performed by using the multiplier
No.1, and the result is stored into a register ;. This mul-
tiplication is actually done through the output port
out_MUL; and input port sn_MUL; to/from the multi-
plier No.1 with the following parallel port write/read oper-
ations.

out_-MUL; <= {ag,a1} || in-MUL; — rq

MUL, (r1, a0, aq) is the macro definition for these opera-
tions. The sequential constructs in Figure 2(c) guarantee the
data dependency and resource constraints. They, however,
include other constraints not required by Figure 2(b), such
as MUL»(r2, as, a3) to be finished before ADDy(rg, 2, c3).
These constraints are necessary for simplifying our STG
generation with CSC 2, although the optimal resource al-
location/scheduling may be missed due to them. Avoiding
these redundant constraints is one of our future work.

In the second step, STGs for the control circuits are gen-
erated from the above Balsa descriptions. The two impor-
tant issues in this STG generation step are to reduce the
overhead in the resetting phase and to guarantee that the
STGs have CSC. In our approach, 4-phase signaling proto-
col is adopted, which has the resetting phase as shown in
Figure 3(a), and it is very important to hide it in some ap-
propriate way. To address this problem, our method uses a
special protocol, which we call the early acknowledgment
protocol. While acknowledgement is typically indicated by
the rising edge of the acknowledgement signal in the tradi-
tional 4-phase signaling protocol, in the early acknowledge
protocol, it is indicated by falling edge. Figure 3(b) shows
this protocol. As shown in this figure, the resetting phase no
longer exists in the early acknowledgment protocol. The de-
tails about this protocol are discussed in the next section.

Our algorithm also inserts state variables, which we call
CSC variables, whenever they are necessary in order to

2 If these constraints are not added, then the constraints cannot be repre-
sented only by sequential and parallel constructs. Our STG generation
agorithm does not support such a genera causality relation, and ac-
tually, for such cases, it is not easy to add state variables to guarantee
the CSC property.
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Figure 3. 4 Phase Protocol.

guarantee that the generated STGs have CSC. Although it is
possible to apply automatic approaches to solve CSC, it is
often very computationally expensive and can generate re-
dundant and slow circuits especially for large STGs such as
those generated from high level specifications. Hence, our
approach inserts CSC variables during the STG construc-
tion phase.

The third step of synthesis is to generate the data path
circuits from the above Balsa descriptions. In this step, reg-
isters for local variables and input/output ports as well as
multiplexers placed in the input sides of registers and out-
put ports are generated, and the signals from the control cir-
cuits are connected. The information about the data path
such as widths and bit sections is included in the Balsa de-
scription, and the data path synthesis is performed by the
static analysis of the Balsa description.

In the fourth step, the control circuits are synthesized
from the STGs, obtained in the second step, by the decom-
position based synthesis tool nutas 2. In the decomposition
based synthesis, for each output signal w, its possible trig-
ger signals are chosen to form the initial input signal set.
The transitions related to the other signals are considered to
be dummy, and are eliminated, when possible, by a net con-
traction algorithm. The resultant reduced STG is analyzed
and checked if it has CSC. If so, the sub-circuit for w can be
synthesized from the reduced STG. Otherwise, the CSC vi-
olation paths are examined and the signals to avoid the CSC
violations are added into the input set. The net is contracted
with respect to the new input set, and the above process is
repeated until the sub-circuit is synthesized. This synthesis
process is completely independent of sub-circuits for other
output signals. Thus, it is very easy to obtain linear improve-
ment by partitioning the output signal set to n subsets and
sending them to n processors. Furthermore, it is sufficient

3 http://research.nii.ac.jp/~yoneda/



for each processor to have memory for handling one output
signal. On the other hand, no multi-output optimizations are
done in our tool. It can be extended to handle multiple out-
puts at the same time, which allows several multi-output op-
timizations. It is, however, difficult to find a suitable parti-
tion of the output signals automatically.

A similar approach is used in [13, 14]. They show that
their methods can handle very large STGs. Compared with
these works, our approach has an advantage that the state
exploration and CSC violation analysis are done only on
the reduced STGs, which makes it possible to handle larger
STGs. From the experimental results shown in Section 6,
our method seems to work better especially for the large
STGs generated by our Balsa compiler. Another advantage
of our approach is that state space exploration and CSC vi-
olation analysis can easily be extended to incorporate tim-
ing assumptions. This work actually uses a timed version of
the decomposition based synthesis method [15].

In the final step, the actual gate level control circuits
are generated by applying technology mapping to the logic
functions obtained in the previous step. The timing infor-
mation can be used to efficiently perform this step [16, 17].
Also, the reduced STG obtained in the previous step can be
used as the input of such the timed circuit technology map-
ping, which further reduces the cost of this step.

Although the flow in Figure 1 is shown such that the al-
location/scheduling step is fully decoupled from the
synthesis step, it may be necessary to redo the alloca-
tion/scheduling step using the more accurate delay infor-
mation obtained from the synthesized gate-level circuits,
or in some cases, the placed-and-routed cells, and it is ac-
tually possible because our tool is fully automated. On
the other hand, we are also aware that our tool flow, espe-
cially the allocation/scheduling step, is too simplified, i.e.,
there are many issues to be considered to derive good im-
plementations, such as optimization through code motion.
However, many optimization techniques developed for the
allocation/scheduling step in synchronous high-level syn-
thesis tools can be applied also to our tool without ma-
jor changes, because there are no significant gaps between
synchronous and asynchronous design in this level. There-
fore, this paper focuses on steps 2 and 3 of the flow, and
the tighter integration of the above optimization tech-
niques is considered in future work.

3. Early Acknowledgment Protocol

The early acknowledgment protocol is a generalized ver-
sion of the local clock method proposed in [18]. In the local
clock method, the acknowledgment signal is raised when
about half of the matched delay has passed after the request
signal goes high, and is lowered after the same delay. In this
paper, the semantics of the acknowledgment signal is mod-
ified such that the acknowledgment is achieved when the
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Figure 4. Early Acknowledgment Protocol.

acknowledgment signal goes low, i.e., it can go high any-
time after the request signal goes high. Thus, usually the
acknowledgment signal is raised as soon as possible. This
is why we call it “early acknowledgment”.

This early acknowledgment protocol is similar to the 2-
phase signaling protocol. In 2-phase, however, some kind of
translation mechanism from 2 phase to 4 phase is necessary
somewhere, which makes the circuits a little more compli-
cated. On the other hand, the early acknowledgment pro-
tocol is purely based on 4-phase signaling, and so, it can
fully inherit the simplicity of 4-phase signaling. The quan-
titative comparison between both methods based on several
nontrivial case studies is, however, one of our future work.

This section presents how to implement the early ac-
knowledgment protocol for active port write/read and pas-
sive port read operations.

(1) Active Port Write

The active port write operation is expressed by
port <—reg

in the Balsa language. As shown in Figure 4(a), this opera-
tion starts when the ¢-th path of a multiplexer is selected by
muzx i+, and the request signal, req_i, is raised. The index
1 is used to distinguish the port write operations on the same
port. A multiplexer is used for each output port, and the reg-
isters that send data to this output port are connected to this
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multiplexer. Figure 5(a) shows the interface circuit around
the output port. For (a, b) of the delay element, a and b de-
note the rising delay and the falling delay, respectively. The
delay t4 is used to avoid asserting the request signal before
the multiplexer output becomes valid, when the multiplexer
is large and slow.

The environment responds to the request signal by rais-
ing the acknowledgment signal immediately according to
the early acknowledgment protocol. In Figure 4 (and also in
Figure 7, 8, 9, and 10), input signals are underlined. Then,
the control circuit lowers the request signal, but the multi-
plexer is kept open until the acknowledgment signal goes
low. After the matched delay, the environment indicates
the completion of the data read by lowering the acknowl-
edgment signal, which causes the control circuit to lower
muzx - and complete the active write operation. The envi-
ronment can generate the acknowledgment signal as shown
in Figure 6. This acknowledgment signal generation circuit
is more complicated and slower than that for the ordinary 4
phase signaling. However, the delay in raising the acknowl-
edgment signal does not cause any performance overhead
in the early acknowledgment protocol as shown in the end
of next section, and the falling delay can be included in the
matched delay.

(2) Active Port Read
The active port read operation is expressed by

port —> reg
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©—

——4
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ack

Figure 6. Ack Signal Generation.

in the Balsa language. As shown in Figure 4(b), the con-
trol circuit first raises req_i. Then, it raises reg_j to prepare
the register write operation, and selects the multiplexer by
muz_j+, where 4 is the index of the read operations of this
port and j is the index of the write operations to this regis-
ter. The interface circuit for this operation is shown in Fig-
ure 5(b). The environment raises the acknowledgment sig-
nal, and lowers it after the matched delay. The control cir-
cuit responds to it by writing data to the register by reg_j—,
and then closes the multiplexer by muzx_j—. To ensure the
setup time of the DFF, a delay element with falling delay
tsetup 1S USed for the case that the multiplexer delay is large.
Similarly, the hold time of the DFF is ensured by waiting
for the falling edge of regin—, which is the output of an-
other delay element with the falling delay ¢4, before low-
ering mux_j. It should be assumed that the data on the data
path is kept by the environment for at least the sum of the
setup time and the hold time of DFFs after ack—.

(3) Passive Port Read

The passive port read operation is expressed by
select port then --- end

in the Balsa language. As shown in Figure 4(c), the envi-
ronment raises the request signal, and the control circuit re-
sponds to it by raising the acknowledgment signal as well
as starting the execution of the select body between “then”
and “end”. When all of the statements in the body (includ-
ing the actual port read) are completely executed, the con-
trol circuit lowers the acknowledgment signal.

4. Generating STGsfor Control Circuits

This section presents how the STGs for control circuits
are generated from the Balsa descriptions. The STG genera-
tion is done inductively from the inner most statements. For
a Balsa statement X, let Nx+ and Nx— denote the sub-
STGs that raise and lower the signals related to X . The tran-
sitions from Nx+ t0 Nx— (€.0., Preq— and greq— in Fig-
ure 8(a)) are considered to belong to both Nx+ and Nx —.
In the normal 4 phase signaling, Nx + and Nx — represent
the behavior of the working phase and the resetting phase,



respectively. In the early acknowledgment protocol, how-
ever, even when Nx+ completes, the actual data transfer
continues, and it finally finishes when Nx— completes.

The algorithm described below guarantees that the gen-
erated STGs are output semi-modular and have CSC. To
prove this property, we use the following two propositions,
where input (output) transitions and dummy transitions de-
note the transitions that are related to input (output) signals
and the transitions that are related to no signals.

Proposition 1 In the considered sub-STG (i.e., Nx+ or
Nx—), every transition that actually conflicts with other
transitions is either input transitions or dummy transitions.
In the latter case, every path from those dummy transitions
in the sub-STG has an input transition before any output
transitions.

Proposition 2 In the considered sub-STG (i.e., Nx+ or
Nx—), every state vector that causes different output sig-
nal changes is different.

The following shows Nx+ and Nx— for each state-
ment X. The signal names are mainly in the form of
NAME fync_indez, WHEre name is a port name or a regis-
ter (variable) name, func is one of regq, ack, reg, regin,
muzx by the same naming conventions as in the previous
section, and index is the index for the same port or regis-
ter access. Also assume that when Nx + or Nx — is consid-
ered, all the sub-STGs included in it satisfy both Proposi-
tion 1 and Proposition 2.

(1) Active Port Write/Read

The protocol shown in the previous section can be directly
implemented as shown in Figure 7(a) and (b), where the
port name is “p”, the register name is “a”, and $$ repre-
sents a dummy transitions. Nx+ and Nx — are connected
by an outer statement such as a sequential construct. These
Nx+ and Nx— apparently satisfy both Proposition 1 and

Proposition 2.
(2) Register Write

For the register write operation below, the sub-STG shown
in Figure 7(c) is generated in the similar way to the active
port read.

X=a:=0>

These also satisfy Proposition 1 and Proposition 2.
(3) Select
Consider the following select statement.

X = select pthen Y7 | ¢ thenY; end

Note that the port p should not assert the request when the
other port ¢ is working. Similarly, ¢ should not assert a re-
quest when p is working. For handling simultaneous re-
quests from two or more input ports, the Balsa language
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Figure 7. STG generation (1).

has the “arbitrate” construct, but our work does not sup-
port it. Thus, if it is really necessary to handle such simul-
taneous requests, the users should be responsible for imple-
menting arbiters in the environment. For the above “select”
construct, the sub-STGs shown in Figure 8(a) are generated.
In Nx+, the acknowledgment is asserted in response to ei-
ther request signal, and the corresponding body (Ny, + or
Ny, +) is executed. In Nx —, after Ny, — or Ny, — is exe-
cuted, the acknowledgment signal is lowered if the request
signal is low.

It seems that two output transitions pgck_;+ and goer_j+
are in conflict in Nx+. They are, however, not actually in
conflict with each other, because both p and ¢ never assert
the request at the same time. A similar argument holds for
the two dummy transitions in Nx —. Thus, Nx+ and Nx —
satisfy Proposition 1.

In Nx+, when p,.,— occurs, p,., has the same value
as the initial state. But, since p,cr_; is 1 at that time, its
state vector is different from that of the initial state. The two
dummy transitions in Nx — may cause different output sig-
nal changes, but the state vectors after firing those dummy
transitions can be distinguished again by the value of p,cx_;
and gqcr_j. Hence, Nx+ and Nx— satisfy also Proposi-
tion 2.

A similar argument holds for select statements with three
or more ports.

(4) Parallel

Consider the following statement with parallel construct.

X=Yi ||V,



Figure 8. STG generation (2).

The sub-STGs for this X are shown in Figure 8(b). From
this construction, Proposition 1 and Proposition 2 are ap-
parently satisfied. A similar argument holds for the state-
ments with three or more parallel constructs.

(5) Sequential
Consider the following statement with sequential construct.

X=h; Y55 Y,

The sub-STGs for this X with n = 3 and n = 4 are shown
in Figure 9. As shown in the figures, CSC variables are in-
serted such that there exists a change of a CSC variable be-
tween every Ny,+ and Ny, —, and every CSC variable goes
high and low once in Nx+ and Nx—. When n is odd, a
change of one CSC variable is in excess, and so, it is con-
sumed concurrently at the end of Nx +. Since there are no
conflicting transitions, Proposition 1 holds clearly. Further-
more, from the following facts, Proposition 2 also holds in
Nx+and Nx—.

o A state in Ny,+ and another state in Ny, — have dif-
ferent state vectors because a CSC variable certainly
changes.

e As for a state in Ny,— and another state in Ny;_, +,
care should be taken when the same port or variable
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Figure 9. STG generation (3).

e CSC variable changes CSCi+, ---

is accessed in Ny, and Ny, ,, because Ny,— and
Ny,,,+ have the same state encoding with respect
to the CSC variables. For example, when n is even,
CSC; takes 1 in both Ny,— and Ny,+, while the
other CSC variable take 0. Thus, if pr.q_1 goes low
at state s; in Ny, — and it again goes up in Ny, + with
reaching sz, s; and s, may have the same state vec-
tors, but the output behavior is apparently different.
This problem can be solved by inserting a CSC vari-
able change also between Ny,— and Ny, ,+. How-
ever, remember that different indices are given for the
access to the same port or variable. This means that
Ny, and Ny, use different signals to access to the
same port, i.e., preq_1 and preq_2. Thus, the falling sig-
nal in Ny, — i preq_1, for example, and the rising sig-
nalin Ny, 4 iS preq_2. Hence, a state in Ny, — and an-
other state in Ny, , + can be distinguished without us-
ing another CSC variable change between Ny,— and
NYi+1 +.

CSCr+,
CSC1—, -+, CSCy— occur in this order in Nx+ and
Nx—. Thus, every state vector with respect to CSC
variables is different in Nx+ and Nx—.



(6) While
Consider the following while construct.

X = loop while cond then Y end

Our method requires that when the conditional branch
statements such as while and if are executed, the compara-
tor with respect to their conditional expressions should be
accessed beforehand. A comparator is considered as 1 bit
register, i.e., it takes the two data to be compared and the re-
lational operator, and puts the comparison result into the 1
bit register. The while and if constructs refer to the 1 bit reg-
ister, and decide if the conditional branch takes place or not.
In our framework, a comparator is accessed by

out_CMP <— {datay, datas,relop} || in-CMP — ¢

and this comparator access and the conditional branch
should be ordered sequentially. Thus, when the value of
c is tested by the conditional branch statement, it is sta-
ble. It should be noted that it is not practical to handle
the actual comparison results during the controller syn-
thesis because this requires handling real data. Instead,
as shown in Figure 10(a), our sub-STG correctly mod-
els the timing when the comparison results are updated (i.e.,
between c;cy_j— and ¢;c4in—), and decides comparison re-
sults themselves nondeterministically by the dummy transi-
tion conflicting with c+ and c— (The upper-left dotted rect-
angles show a fragment of the active port read operation
“in.CMP—> ¢”). As shown in Figure 10(a), Nx+ de-
cides if the loop body formed by Ny + and Ny — should be
executed or not according to the value of c. Since the value
of ¢ is decided nondeterministically, the state space in-
cludes both cases where ¢ = 1 and ¢ = 0, and so, the
synthesized circuit can accept any possible change of the in-
put c.

The signal ¢ is an input for the control circuit, and
the dummy transition conflicting with ¢+ and ¢— directly
reaches the input transition c;.cg4i» —. When the dummy tran-
sitions in Nx+ fire, the value of ¢ is stable. Thus, those
dummy transitions as well as ¢+ and ¢— do not actually
conflict with each other. Hence, Proposition 1 holds.

Furthermore, from the following facts, Proposition 2 also
holds.

e The dummy transition conflicting with ¢+ and c— does
not cause different output changes.

e The conflicting dummy transitions in Nx+ may cause
different output changes, but the states after firing
those dummy transitions are distinguished by the value
of c.

e A CSC variable changes between Ny + and Ny —.
This CSC+ is to distinguish the states in Ny + and
Ny — as used for the sequential construct. On the other

(a) while

Figure 10. STG generation (4).

hand, CSC— is inserted only for changing its value
back to 0, not for distinguishing the states. This is for
the following reason. The state after CSC— and an-
other state before Ny + have the same state vector, if
c is true. However, they cause the same output behav-
ior, and therefore, no CSC violation occurs.

(7) Loop and others

For loop construct below, the sub-STG shown in Fig-
ure 10(b) is generated.

X =loop Y end

This is the same as the body of the while construct. Since
the loop construct does not terminate, Nx — isempty. Nx +
apparently satisfies Proposition 1. Proposition 2 also holds
for similar reasons to those for the while construct.

Our method also supports if-then-else, procedure call,
procedure declaration statements. The if-then-else state-
ment is similar to the while construct, the procedure call and
procedure declaration are similar to the active port write and
passive port read operations except for the data path width
is 0 bits. Thus, the details are omitted here.



(8) Discussion

First, from the facts shown above that Proposition 1 and
Proposition 2 hold for Nx + and Nx — of each statement or
operation, the following theorem holds.

Theorem 1 The generated STG by the above construction
is output semi-modular and has CSC.

Second issue to be discussed is the performance over-
head due to the inserted CSC variables. From the above con-
struction, CSC variables are inserted for sequential state-
ments, while constructs, and loop constructs. Among them,
consider those inserted between Ny,+ and Ny, —. For ex-
ample, in the sub-STGs generated for the Balsa description

p—=>a; ¢q—=>b; -,

CSC variables are inserted between Ny, + and Ny, —. From
Figure 7(b) and Figure 9, the CSC variables are triggered by
the rising edges of the acknowledgment signal p,cr OF gack
and the multiplexer control signal a,,yz_; Of byyue_. From
the early acknowledgment protocol, those acknowledgment
signals are raised quickly, and the actual data transfer com-
pletes when they fall. Thus, if the two output signal changes
(CSC1+ and pyeq_i—, or CSCa+ and gpeq_—) cOmplete
before that time point, the overhead of changing CSC vari-
ables can be hidden. This delay to lower the acknowledg-
ment signal is the matched delays in the cases of mem-
ory access and operational unit access, which is larger than
those for two output signal changes. In the case of register-
to-register write operation, the delay for those two output
signal changes can be overlapped with the setup time of the
register. Hence, these CSC variables cause almost no per-
formance overhead in many cases. Note that CSC— after
Ny — for the while and loop constructs delay the first sig-
nal changes of Ny +, and so, the performance overhead due
to them is not zero.

The other methods based on STG-like generation tech-
niques have been proposed, e.g., in [5]. Our method can also
generate those similar STGs by defining small and many
procedures. Thus, our method can be considered as a kind of
generalization of those methods. Using those small STGs,
however, causes quite large overhead in either method. Our
method allows users to choose the sizes of those proce-
dures to control the overhead. Furthermore, the sequential
constructs cause some overhead in propagating the activa-
tion signals in many other methods. Those activation sig-
nals correspond to the CSC variables in our method. Those
CSC variables, however, cause almost no overhead in our
method as shown above.

It should be noted that the number of inserted CSC vari-
ables is not optimal in our method. For example, for a small
Balsa description shown in Figure 11, the STG G generated
by our method contains four CSC variables. Let G' be the
STG obtained from G by just replacing those CSC variables

| oop
select in_portO then
a :=in_port0
end;
loop while a = 0 then
begi n
out_portl <- (1 as 1 bits) || in_portl -> a;
out_port2 <- (1 as 1 bits) || in_port2 -> a
end
end
end

Figure 11. A small example.

by dummy transitions. Thus, G’ has no CSC. petrify [19]
solves this CSC problem and obtains G", which has CSC,
by adding three CSC variables automatically. This shows
that our method is not optimal with respect to the num-
ber of inserted CSC variables. However, the performance
of the synthesized circuits does not directly depends on the
number of CSC variables. Actually, when in_port0 returns
0, and in_port; loop-backs the value sent to out_port; for
i = 1,2, the simulations show that the circuit synthesized
from G has the cycle time 14.91nS, while the one from G"
has 16.42nS, under the delay information of a 0.25u gate li-
brary and the loop-back delay with 3nS.

5. Timed Circuit Synthesis

The control circuit synthesized by the speed indepen-
dent circuit synthesis may include redundant sub-circuits
when the actual gate and environment delays are consid-
ered. The timed circuit synthesis removes those redundant
sub-circuits through timed state space exploration by us-
ing the delay information. This delay information is usu-
ally given, for a generalized-C (gC) element or an atomic
gate driving each non-input signal, as the lower and up-
per bounds on the delay from the time at which all inputs
necessary to enable the gate arrive until the output of the
gate changes. In a technology-mapped circuit, such a gC or
atomic gate is implemented as an acyclic network of gates.
The above delay corresponds to the delay from the AND
gates in the input side to the final gate in the gate network.
Even if the output of the final gate is fed back to the in-
puts of the gate network, the above delay is not affected.

The main technical issue in this approach is how to actu-
ally obtain these lower and upper bounds of the delays. Our
method achieves this as follows, and obtains a timed STG
from the original STG by adding those delay bounds to each
transition.

1. By the speed independent circuit synthesis, a speed in-
dependent control circuit is obtained from the original
STG.

2. The actual gate circuit is obtained by technology map-
ping.



3. For each non-input signal, do the following.

(a) For each acyclic gate network implementing the
non-input signal, the maximal delay from the in-
put to the output is computed from the maximal
gate delays given by the gate-library vendor and
the maximal number of stages in the gate net-
work. Then, this can be considered to be the up-
per bound of the delays for the corresponding
non-input transitions, because a timed circuit is
always smaller than or equal to the original speed
independent circuit.

(b) For its lower bound, using 0 is the most conserva-
tive. However, it may not reduce the circuit effi-
ciently, because it is often too conservative. Thus,
a better approach is to decide the lower bound
from the delay of a single g-C or AND gate. If
the circuit obtained by the timed circuit synthesis
has larger delay than the above lower bound, it
is done. Otherwise, re-synthesis is necessary us-
ing the lower bound obtained from the timed cir-
cuit.

4. As for the input signals in the active port write and read
operations, the rising delay (d;) of the acknowledg-
ment signals can be guessed as one C-element delay
from Figure 6, and their falling delays can be decided
from the matched delays minus d; and the control cir-
cuit delays to lower the request signals. The lower and
upper bounds can be decided with some margins. On
the other hand, it is unknown when the request signals
are issued for the passive port read operations. Thus,
[0, 00] is used for those input transitions.

The reduction of circuits by timed circuit synthesis hap-
pens mainly in the parallel constructs. The speed indepen-
dent control circuit must wait for the completion of all state-
ments connected by the parallel construct, even if some of
them finish much earlier than others. This generates AND
gates with large fan-in in the input side of the gate network.
The timed circuit synthesis can decide that too early ac-
knowledgment (indicated by the falling edges of acknowl-
edgment signals) are unnecessary, and smaller AND gates
are generated, which increases the performance. For exam-
ple, by the timed circuit synthesis, the total number of liter-
als for the controller of Figure 2(c) is reduced from 255 to
214, and the cycle time is reduced from 24.58nS to 24.18nS,
when it is assumed that a 0.25u gate library is used and the
addition and the multiplication take 3nS and 5nS, respec-
tively.

6. Experimental Results

In this section, to demonstrate the applicability of the
proposed method, an IIR filter, a FIR filter, and a portion

for(i=0;i<8;i++)

{

aptr = x+i;

bptr = aptr+56;

a0 = (((*aptr+*bptr)) << (2));
c3 = (((*aptr-*bptr)) << (2));
aptr += 8;

bptr -= 8;

al = (((*aptr+*bptr)) << (2));
€2 = (((*aptr-*bptr)) << (2));
aptr += 8;

bptr -= 8;

a2 = (((*aptr+*bptr)) << (2));
cl = (((*aptr-*bptr)) << (2));
aptr += 8;

bptr -= 8;

a3 = (((*aptr+*bptr)) << (2));
c0 = (((*aptr-*bptr)) << (2));
b0 = a0+a3;

bl = al+a2;

b2 = al-az;

b3 = a0-a3;

aptr =y + i;

*aptr = (((362L*(b0+b1))) >> (9));
aptr[32] = (((362L*(b0-b1))) >> (9));

aptr[16]
aptr[48]

196L*b2) +(473L*b3))) >> (9));

= ((((
= ((((196L*b3) - (473L*b2))) >> (9));

b0 = (((362L*(c2-c1))) >> (9));

bl = (((362L*(c2+cl))) >> (9));

a0 = c0+b0;

al = c0-hb0;

a2 = c¢3-b1;

a3 = c3+bl;

aptr[8] = ((((100L*a0)+(502L*a3))) >> (9));
aptr[24] = ((((426L*a2)-(284L*al))) >> (9));
aptr[40] = ((((426L*al)+(284L*a2))) >> (9));
aptr[56] = ((((100L*a3)-(502L*a0))) >> (9));

Figure 12. A DCT example.

of the Discrete Cosine Transform (DCT) circuit are synthe-
sized, and cycle times and circuit sizes are evaluated. These
experiments are done on a 2.8 GHz Xeon workstation with
4 gigabytes of memory. Figure 12 shows the SpecC spec-
ification for our DCT example. This is just half of the ac-
tual DCT circuit. Another half portion has almost the same
structure with the same loop count, and these two portions
are sequentially connected. Thus, it is reasonable that each
of them is declared as a procedure and synthesized sepa-
rately. The memory access by pointers is implemented in
the same way as operational units, i.e.,

out_- MEM <— address || in.MEM —> data.

For each example, two types of circuits are synthesized
under two different resource constraints. In Table 1, the
column labeled by “Res.” shows the maximal number of
available operational units for multiplication, ALU opera-

tion(addition/subtraction), and shift operation (“-” indicates
that the operational unit is not used). It is commonly as-



Table 1. Synthesis and Simulation Results.

Circuits Synthesis time (sec.) Gate counts | Cycle time (nS)
Name | Res.® | Method nutas | moebius® | csat® for Ctrl. total | cntl.
Sl 16.3 (12.3) (50.1) 112.5(98.1) 198 87.8 318
IR (1,1,-) | Timed 16.9 — — 198 86.6 30.6
Balsa 3.1 (Balsa system) 291 142.9 86.9
Sl 27.7 (16.3) (41.4) 41.5 (38.7) 238 48.6 17.6
IR (2,2,-) | Timed 134.26 — — 196 47.4 16.8
Balsa 1.7 (Balsa system) 270 80.9 49.9
Sl 285.1 (234.5) (646.2) (> 5h) 487 192.3 69.3
FIR | (1,1,-) | Timed 288.7 — — 469 187.9 64.9
Balsa 12.0 (Balsa system) 684 311.4 | 188.4
Sl 422.0 (279.4) (546.8) (> 5h) 675 105.0 39.0
FIR | (2,2,-) | Timed 6859.1 — — 475 102.9 36.9
Balsa 5.6 (Balsa system) 644 169.9 | 103.9
Sl 5106.2 (2458.9) | (5909.2) (> 5h) 1082 3847.3 | 1363.3
DCT | (1,1,1) | Timed 5420.7 — — 1036 3797.4 | 13134
Balsa 37.5 (Balsa system) 1399 6265.5 | 3781.5
Sl 7474.6 (1710.5) | (6715.0) (> 5h) 1041 2679.2 | 759.2
DCT | (1,2,2) | Timed 7468.0 — — 982 2637.8 | 717.8
Balsa 23.5 (Balsa system) 1282 4206.9 | 2286.9

(1) Resource: (#MUL, #ALU, #shifter)
(3) SAT instance generation times are not included.

(2) STGs for while bodies are synthesized.

sumed that one comparator is available, and that the mem-
ory has one address port and one data port.

For each resource constraint, circuits with a speed inde-
pendent controller and a timed controller are synthesized by
the proposed method. A speed independent circuit is syn-
thesized also by the Balsa synthesis system (ver.3.4) from
the Balsa description expressing each resource allocation
result. The rows “SI”, “Timed”, and “Balsa” show those re-
sults, respectively. The column “nutas” shows the synthesis
times of our method. The speed independent controller syn-
thesis is also done by two other tools, moebius [13] 4, and
csat [14] °, in order to compare the low-level logic syn-
thesis performance of three methods. Since moebius has
a problem in handling self-loops generated for the while
construct, its column shows the results for synthesizing the
while bodies. The corresponding synthesis times of nutas
and csat are shown in the parentheses of their columns. The
column “Gate counts” in the table shows gate counts of the
control circuits. Each circuit is simulated using the delay
information for a 0.25u gate library © as well as 10nS for

4 Runon aPentium 4, 2.5GHz, 512MB machine.

5 RunonaPentium 4, 3.06GHz, 1GB machine.

6 The simulation is done by the gate level Verilog descriptions anno-
tated with the rising and falling delays given in the gate library. No
placement/routing is considered.

the memory access time, 5nS for the multipliers, and 3nS
for the ALUs, shifter, and comparator. The column “Cy-
cle times” shows the cycle time of each circuit, where “ctrl”
represents the control circuit delays occupied in the total cy-
cle times.

From these results, one can see that the significant im-
provement in the circuit performance is obtained by the
proposed method compared with the Balsa synthesis sys-
tem. The synthesis times are sacrificed for this performance
improvement, but those for our examples are acceptable.
For larger specification, defining appropriate sizes of pro-
cedures may be necessary. Compared with moebius and
csat, nutas works better for the large STGs generated by
our Balsa compiler. The performance improvement by the
timed circuit synthesis is from 1.2nS to 6.2nS (per itera-
tion in case of DCT), which approximately corresponds to
4 to 20 stages of gates.

It should be noted that when the concurrency increases
and the relevant input set (CSC support set) sizes increase,
the cost for the decomposition based synthesis also in-
creases. This problem can be solved by inserting additional
state variables to the sub-STG for the parallel constructs to
reduce the relevant input set sizes. If these state variables
are inserted in non-critical paths, the performance overhead
caused by them may be small.



7. Conclusion

This paper presents a complete design flow from SpecC
specifications to gate-level designs. The methodology in-
cludes resource allocation and scheduling tuned for asyn-
chronous circuits, although it is still too simple. It also
makes use of decomposition based synthesis for design of
the timed circuit controllers. A major difference between
this approach and similar ones is that it uses state-based
logic synthesis rather than syntax-directed translation. This
allows for global logic and timing optimization which is
limited in previous works. This paper also introduces the
early acknowledgment protocol. To support this protocol,
techniques are presented for data path generation and STG
generation for the control circuits. We have applied our
method to the design of several circuits, and have shown
that our method produces substantial improvements in de-
lay as compared with syntax-directed methods.

We are planning to apply more sophisticated resource al-
location/scheduling techniques used for the synchronous
circuit synthesis. It is also very interesting to com-
pare the results for several benchmark circuits with those
by other optimized asynchronous synthesis tools such as
Balsa-CUBE [20] as well as synchronous high level syn-
thesis tools such as Spark.
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