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Efficient Hardware Controller Synthesis
for Synchronous Dataflow Graph in
System Level Design

Hyunuk Jung, Kangnyoung Lee, and Soonhoi Ha

Abstract—This paper concerns automatic hardware synthesis -
from data flow graph (DFG) specification in system level design. In @ ® o ® ‘VD+®
the presented design methodology, each node of a data flow graph © E! @"@” &0D
represents a hardware library module that contains a synthesizable ©
VHDL code. Our proposed technique automatically synthesizes a
clever control structure, cascaded counter controller, that supports @ (b)
asynchronous interaction with outside modules while efficiently Fig. 1. (a) A DFG before partitioning. (b) A partitioned DFG for hardware
implementing the synchronous dataflow semantics of the graph module using send and receive nodes.
at the same time. Through comparison with previous works with
some examples, the novelty of the proposed technique is demon-

strated. into several graphs to be synthesized into hardware or software
Index Terms—Data flow graph (DFG), synchronous data flow modules. VLSI design for a hardware module begins with a par-
(SDF), system level design, VHDL. titioned subgraph as shown in Fig. 1(b). For hardware synthesis,

we generate a structural VHDL code which will be finally syn-
thesized to hardware through any standard logic synthesis tool.
Since we assume that a node describes its functionality with a
HOUGH hardware description languages (HDLs), such agnthesizable VHDL code in the library, the hardware synthesis
VHDL and Verilog, have gained considerable popularitproblem is to stitch the library VHDL codes into a whole by au-
in system design, there is also increasing need for easier amahatically synthesizing interface codes and control codes for
more intuitive method for system specification. Moreoverggister initialization, appropriate clocking and signaling, and
high level system design requires specification method ofher glue logics.
higher level of abstraction than HDLs which are biased to When synthesizing a hardware module from a partitioned
hardware model. Among many candidates, data flow graphbgraph, there are two issues to be addressed. First, the
(DFG) is adopted in many high level design frameworks [IFEDF semantics should be preserved in the generated code
[2], specially for signal processing applications, because &6 that the resulting hardware has the behavior intended by
formality and readability. the original DFG. This achieves the useful design concept of
In our design methodology, functionality of a system is speteorrect by construction.” Second, the partitioned DFG
ified with a hierarchical data flow graph [Fig. 1(a)]. An atomicmeeds special nodes for communication with other partitioned
node represents a computation block, such as multiplier or filtgraph. Two receive nodes and one send node are added in the
and an arc represents the flow of data samples between two paditioned subgraph in Fig. 1(b) for this purpose. While there
nodes. We use a rather restricted data flow model in this papse some previous works that addressed the former issue [3],
synchronous data flow (SDF) [4], in which the number of dat®], [7], [8], there has been no research result known to us
samples produced or consumed on an arc is faxpdori. This except Lauwereins’ work (GRAPE) [6], [7] that addressed both
restricted semantics enables us to verify important system prggsues at the same time.
erties such as memory boundedness and termination, and to e3his paper proposes a novel technique to automatically syn-
timate the system performance statically. thesize a clever control structure, cascaded counter controller,
After the functionality of the system is verified by static analthat supports asynchronous interaction with outside modules
ysis and behavioral level simulation, the nodes are partitionedhile efficiently implementing the dataflow semantics of the
graph at the same time. Through comparison with Lauwereins’
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the other is the centralized approach. These approaches are clas- RV—(A)—{(B)—(C)—(D)—(END)
sified by how to implement the control logic to satisfy the se-
mantics of DFG.

Type A : combinational logic
Type B : single-cycle sequential logic

In the dis_tributed approach, control logic is Qistrit_)uted and Type C : multiycle sequential logic with fixed execution time
each node is executed by the local control logic to implement Type D : multi-cycle sequential logic with variable execution time
handshaking protocol between node pairs for determining the @)
completion time of the source node. GRAPE [6] and [7] is = state_update signal oo
well-known tool of this approach. There is a buffer compone! stat signal " gore signa
between a pair of task nodes and handshaking protocol is img R=—=clock l

) clock_C clock_D
mented between the buffer component and each task node. @ ° o o bt h reset /<D
i T % o/

handshaking mechanism is also a natural method to commt
cate with the outside. Sate_update for 8 startfor € startforD donefrom D

The centralized approach is used in Ptolemy [2] and [3] a1 T genémﬁoé‘i‘c‘ -
Meyr’'s work [5] and [8], where there is no control signal ex Base clock “’{1 iock generator 1ogic e clock.c
change between task nodes. Through static analysis, the ¢ contral controllor oo
time and the completion time of each node is predetermined (b)
with respect to the global clock, and the central controller gen-

. . RCV start signal(C)  start signal(D) done signal(D}

erates the appropriate control signals. However, they assume ) ' m
that the execution time, at least the worst-case execution time, yA:30[s:20] c:80 | p:t | SNo signat

>

time

of each node is knowa priori; without this assumption, the
fully-synchronous design is not possible. Moreover, the inter- ©
face with the outside has not been addressed except the bﬁi@:hz- () An example DFG with various types of nodes. (b) Synthesized
L ardware structure and (c) expected signal timings.
communication scheme of [8].
Since the distributed approach has larger area overhead of
local controllers than the central controller of the centralize8D time units, respectively, while the execution time of node
approach, we follow the centralized approach in this paper. \eis unknown. Though the hardware is fully synchronous, the
propose a technique to overcome the limitations of the priéming of donesignal for block D should vary at run-time: how
vious works, allowing both nodes of unknown execution timi® achieve this will be explained later.
and asynchronous interfaces of unknown arrival time with the One important design parameter is the global clock. All clock
outside. signals of Fig. 2(c) should be multiples of the base clock period.
The optimal base clock period can be found using the greatest
common divisor (GCD) of the minimum periods of all clock
signals [9]. However, the GCD is sometimes too small to be
In this section, we identify the control signals that the cerpractically implemented. And faster global clock also makes the
tral controller should generate, and the desired behavior of g@ntrol hardware more complex. Thus, there is a tradeoff the
controller. There are four types of library blocks: combinationg@ierformance and the controller area with respect to the global
logic, single-cycle sequential logic, multicycle sequential logielock selection.
with fixed execution time, and multicycle sequential logic with
variable execution time.
Depending on the block type, we predefine the minimal set of
control signals for proper operation. A block of combinational The interface nodes with the outside can be implemented in
logic needs no control signal. For a single-cycle sequential logiarious ways according to the interface architecture or the com-
block, we extract the state element from the body to makenitunication scheme between modules. When synchronous com-
a Mealy-type state machine. Then, thiate-updatesignal as munication or batch communication is chosen in the system
well as clock and reset signals are needed for this state elemanthitecture, the timing of reading the received samples are pre-
Multicycle sequential logic blocks contain state elements insiddetermined. Then, the interface logic becomes trivial and the
Therefore, we need to provide clock and reset signals to tiwhole hardware can be synthesized as a synchronous logic. But
block. Moreover, atart signal enters into the block to indicatewe may not always use such communication schemes. For ex-
the start time. If a block has unknown execution time, the blo@mple, batch communication scheme cannot be applied to the
should inform the controller the end of execution by providinDFGs which have global feedback arcs. If synchronous com-
donesignal. munication scheme is used, tasks should be scheduled assuming
Fig. 2(a) shows a simple example that consists of all typ#se worst case execution time resulting in large overhead.
of blocks. We integrate the library blocks and the synthesizedOn the other hand, an asynchronous communication scheme
central controller into a synchronous hardware as shown dan be used when the receive nodes do not know when data sam-
Fig. 2(b). Here, all blocks are connected directly unlike iples arrive from the outside. At the receiver side, the incoming
case of distributed approach that needs glue logic. In Fig. 2@8mples are delivered by the synchronizer to the inside, and the
the expected timing of control signals are drawn. Here, wwardware module is signaled somehow and starts processing.
assume that execution times of nodes A, B, and C are 30, 2®ter data processing is completed, the result sample is placed

Ill. CENTRAL CONTROLLER

IV. INTERFACE PROBLEM WITH THE OUTSIDE
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enable Zzero Fig. 5. FSM controller for multiple receive nodes.

Fig. 3. Simple example using a counter. Node execution time of A, B, C, and
D are 10, 30, 20, and 20 time units, respectively.
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Fig. 4. Solutions for multiple receive nodes. ©

{not RCV1) or RCV2

RCV1orRCV2

) . . . L Fig. 6. A DFG that has receive nodes and send nodes and implemented
to a certain location from which the sending operation is pefascaded counter controller.

formed. In this paper, we are seeking for a hardware controller
that can be implemented with small area overhead but keeping

the performance requirements based on asynchronous commH- h . is tak I ) d6%: d
nication scheme. where the maximum is taken over all receive nodég; de-

The key idea is to utilize the properties of the synchronm?éjt.es the valid timing of thgth send node/2T; the receive

data flow model where the execution sequence of the node Iflng of .theith receive node ar_‘ﬂ)i’j is the critical path length
om theith receive node to thgth send node.

predetermined at compile-time. If the execution time of a blo K _ .
varies at run time over a certain duration, the block is regard dTherg are several approac_hes to |mplement the °°.””°' logic
as an asynchronous block that is addressed in Section V-D. tsatisfies the above equations. The f|rst approach simply uses
simple explanation of the proposed idea, we assume that in ginters as marny as the number of rece!ve-send pairs and ANDs
samples do arrive at the hardware module in the nonpipelin completloq t|mes of all cognters de§t|ned for each SND node
fashion. Also, the hardware module expresses the state re i<9- 4(b)]. This implementation requires too many cc_Junters.
owever, we can reduce the number of counters using other

ters explicitly as illustrated in Fig. 3. Since we do not need loaic like Fia. 4 ded ter struct hich i
pipeline the hardware module further, all state registers can%ge ogic like Fg. (c) or cascaded counter structure which 1s
presented in the next section.

latched at the end of the execution. Anoth his t thesize the ESM that satisfies th
The value of counter is initially set to the critical path length nother approach IS to synthesize the al satisfies the

60, of the hardware graph ignoring the execution times of R&pove equatlon_. Th_e .FSM _should wait the receive signal at

. heduled receive timing. Fig. 5 shows the constructed FSM
and SND nodes. When the RCV node receives data, coun%grtm”er for the examble of Fia. 4 assuming that the base
starts decreasing. When the counter value becomes zero,ﬁ%%k has period 1OX n gl stateI%he FSMuck:egks if RCV1 has
output of node D is written to the buffer of the SND nod& pen ' ' '

: . eived a data sample, and waits until a data sample arrives
(send buffer) and latch the state registers if any. The count&F '
is reloaded with the initial value. Thus the simple countea§ RCVL. In the last state, S5, the FSM generates the enable

accomplishes a controller that is triggered by the hardwasrgnal for the send block.

valid flag written by the RCV node.

Now consider a DFG with multiple receive nodes as dis-
playedin Fig. 4(a). If we use a single counter, the counter shodd Basic Idea
be enabled only when two input samples both arrive at the i”ter'Consider an example of Fig. 6(a), which has three receive
face. Thus, the hardware module performs a strict execution arﬂﬂjes and two send nodes. Assuming that node execution times
may pay significant performance penalty. In order not to Io%} A, B, C, and D are 20, 10, 20, and 30 time units, respectively,

performance, we compute the pair-wise critical path lengths hegica| path lengths from each receive node to the second send
tween all receive nodes and the send nodes. The following eqHgg e (SND2),D; 5, Ds 5, and Ds » are 60, 40 and 50 time
tion suggests the valid timing of th¢h send node units respectivefy.' 0 ’ '

Intuitively, the ideal timing of send and receive nodes is like
VT1j = max (RT; + Di ;) (1) Fig. 6(b). This schedule can be obtained by ALAP (as late as

V. CASCADED COUNTER CONTROLLER



426 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 10, NO. 4, AUGUST 2002
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possible) scheduling from the instant of SND2. However, we
may not assume that the RCV nodes do always receive data €
samples ontime. Therefore, an efficient controller should figure
out the earliest time for the readiness of output, regardless of the
order in which the inputs arrive, assuming nonstrict execution
of the graph. So we design a controller that has scheck

points while executing. If the check fails due to absence of input count 20 Coum 3 coum 50

samples, the controller should stop executing and wait until ﬁg‘ %@

the check succeeds. The proposed controller, called cascadec fteration Bound Signal
(C)

counter controller [Fig. 6(c)], satisfies this requirement.

In this controller, a single counter is split into many sections
to form a cascaded counter array and the check points are mage7. pependency between send and receive node. (a) Original graph
between the sections. Initially, the counter values are set to héfore partitioning. (b) Scheduling to prevent deadlock. (c) Cascaded counter
10, and 40, respectively, corresponding to the scheduled tifggtroller that implements the schedule (b).

intervals in Fig. 6(b). Only after the RCV1 node receives dat~ -

the first counter starts decreasing. Each counter starts decrea O1: delay domert ., w o

after the previous counter is decreased to 0 and the cwaédt t 2 3
signals of RCV nodes are set to TRUE. At this point, the AN[ 2 ome D enabs signatof
gate plays a role of check point logic. Therosignal not only @ ® () delay register 01

enables the next counter but also disables the current counter

The lastzerosignal is theiteration boundsignal that indicates 7198 A DFG having delay element(s).

the end of the current iteration and the start of the next iteration.

This iteration boundsignal becomes the enable signal for thhere I is the start timing of theth counter. By recursive

last SND buffer, state register and delay register update sign&i&Pstitution

clear signal for valid and zero flags, and the counter initializa- n

tion signal. FT =P, + d,, = max| RT; + Z dg
The complexity of the proposed cascaded counter controller k=i

is not much different from the simple counter structure shown = max (RT; + D;) = VT.

in Fig. 3 except the flip-flops associated with the valid flags
of receive nodes and AND gates. This cascaded counter cgn-

troller can be also used for low-power design because at most _
one counter is operating at any instant. With the dependency between send and receive nodes, dead-

In case the input DFG has a single send node as its destilggk may occur if such dependency is ignored and an overlapped
tion node, the cascaded counter structure achieves the optiffficaded counter controller is used. In case the RCV3 node is
performance. This fact is rephrased in the following theoremdependent on the SND1 node in Fig. 6(a), deadlock occurs ob-

Theorem 1: For a DFG with a single send node as its destiiously. The fact that a receive node is dependent on a send node
nation node, the finish time of cascaded counting is equal to ti¢ans that the receive node cannot receive data until the send

Dependency Between Send and Receive Nodes

valid timing of the send node of (1). node sends its data. To understand this situation, we need to look
Proof: First, we simplify the valid timing equation with a into the original DFG before partitioning. Fig. 7(a) shows this
single send node original DFG before partitioning.

According to the DFG in Fig. 7(a), a partial execution order of
nodes becomes B, SND1, G (in other module), RCV3, and C. To
obtain the schedule result like Fig. 7(b), we have to add a pseudo
dependency arc between SND1 and RCV3 node. Fig. 7(c) shows
We assume thab; is sorted in the decreasing order such thdlhe implementation of cascaded counter controller according to
D; > D; wheni < j and the number of receive (source) nodethe schedule of Fig. 7(b).
is n. Thus the value of each countédy,is

VT = max (RT; + D;). 2

C. Delay Registers

d; = D; — Diy1(1 <i<n, Dyyq =0). In a DFG, delay elements may exist and they correspond to
data registers in hardware implementation. If a DFG has a delay
element, the delay register plays a role of a termination node.
The graph is separated by this delay element in Fig. 8(a) and
separated graphs are running concurrently in hardware imple-
mentation. Pipelined hardware implementation can be also ob-
Py =Ry tained simply by adding delay elements. In case there is a node

o D ‘ , that contains pipeline registers, we first make those pipeline reg-
Pi = max (RT;, Pioy + dica)(2 < i < ) isters visible and apply the same method. Fig. 8(b) shows the
FT =P, +d, concurrent schedule of the graphs in Fig. 8(a) and this schedule

We are now going to prove th&T is equal toF'T', the finish
time of the cascaded counter
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start, done time of the node execution. Fig. 10(b) shows the
(n) -@'@ () | node 8 : asynchronous nods schedule of send and receive nodes.
clock] [reset Step 3) Sort the execution times of destination nodes and
source nodes. Construct the cascaded counter con-
Fig. 9. Modified graph for internal asynchronous communication. troller from this timing information. The firing time

of RCV1 is scheduled at 100, while the cascaded
counter controller begins with the critical path length
of the graph, which is 120. Counters are split by
the receive firing times 100 and 30. So the cascaded

50 counter _co_r_1troller is split into three counters_ that
@ load the initial values of 20, 70 and 30, respectively.
Stari(8) RCVI SNDTSND2 RCVZ  Delay registor updatal Step 4) Add the control logic for send nodes at their firing
Pt 1N times. Since the firing times of the send nodes are 70
120 10 70 50 30 0time and 50, compare logic should be added at the output
®) of the second counter to generate the enable signal
ST Sk to the send buffer. Finally the zero signal of the last
TR cluntt =5 P cognte_r is used_f_or updating s!gnal pf delay registers.
£ ’1 This §|gn:a_l nqtmes that one iteration ends and the
3 &] & R next iteration is prepared.
@ @ Signal

VI. OPTIMAL CLOCK PERIOD SELECTION

© In the previous section, the execution time of each node is

Fig. 10. A more complicated example. specified in virtual time units for simplicity. The virtual time
unit can be a clock period in the practical synthesis. Therefore,

can be implemented with only one cascaded counter controflgg actual execution time considering clock period can be de-

depicted in Fig. 8(c). scribed by
D. Variable Execution Time ET. =[PD/CP]
A hardware node may take nondeterministic time units ET;, =[MCP/CP]| x NumCycles

for their executions. As mentioned in Section Ill, multicycle

sequential logic blocks with variable execution time netadt Where ET, and ET; are the execution time of combinational
and done signal. In this case, we regard such a node as 8Rd sequential logia”’P” and D represent clock period and
asynchronous node and append send nodes before the if@Pagation delayl/C P andNumCycles are minimum clock
ports, and the receive nodes after the output ports. stag  Period and required number of clocks of sequential logic. So
signal is generated from the send nodes and transferred to i optimal clock period in this paper means the clock with the
asynchronous node addnesignal is generated from the asynshortest DFG complete time.

chronous node and transferred to the receive nodes. With thid he methods of selecting the optimal clock period for given
modified graph, we construct the cascaded counter controllgFG have studied in some works such as [9], [10]. All these
Fig. 9 shows the modified graph for internal asynchronodiethods compute a set of candidate of clock periods by taking

communication. the integral divisors of the execution time of each node. In [10],
an idea that can reduce the size of the set was presented. This
E. Cascaded Counter Construction Algorithm method can be applied to our scheduling algorithm in the cas-

We summarize how the corresponding cascaded counter c6fded counter construction by the repetitive scheduling for each
troller is constructed in general using a complex example gndidate clock period.

Fig. 10(a).
The construction algorithm of the cascaded counter controller VII. EXPERIMENTS
is summarized below. We compare the area overhead between using our approach

Step 1) Find out all critical path lengths between destinati@and the distributed approach such as used in the GRAPE tool.
nodes and source nodes. Destination nodes are 8iace we used local counters inside the nodes and handshaking
sink nodes, the send nodes, or delay elements frgrotocol between nodes in the distributed approach, we expect
the partitioned graph. The critical path length is 12€hat hardware resources will be consumed more with the dis-
time units from node B to the delay element next ttributed approach. The latency of our approach is similar to that
node D. of distributed approach as expected in the optimality proof in

Step 2) Compute ALAP (as late as possible) and ASAP (&gction V-A.
soon as possible) schedule times of all nodes. And,We experimented a DES encryption algorithm implementa-
assign the ALAP time for each receive node and th@n. The target library is “xfpga_4000ex-4.db” of the commer-
ASAP time for each send node as the expected staral Xilinx FPGA and the clock periods we used are 5, 20, and
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R DES | DES DES » DES SND VIIl. CONCLUSION
o o s e o el
\V

[cons¥] In this paper, we addressed how to synthesize the hardware
Fig. 11. Specified 16 round DES encryption algorithm. Internal details are no?ntrOI module from the initial DFG SpeCIflcatlon for hard-
specified. ware—software codesign. We proposed a novel control structure,
cascaded counter controller, to reduce the hardware area or
time considerably, compared with the previous approaches.
Two issues are addressed efficiently with the cascaded

counter controller: the initial DFG semantics should be pre-

TABLE |
EXPERIMENT RESULT: DES

Approach Diswibuted [~ Conralized __ served and the performance loss should be avoided as much
ascaded counter H H H H H
yp—w— <om o930y ol i 5 el as possible. We experimented with some examples including
(con’:ojlrlo?ic-F 20ns (32:+930) cell 6 cell 10 cell DES encryption algorithm to demonstrate how the proposed
ulrer . . . . .
: s (20930 cel o 2l technique truly builds the working VHDL code, which is
Original area 3259 cell o : il
___(computational logic) verified with a commercial Xilinx tool.
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