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Abstract— This paper presents a novel usage-based character-
ization method to capture pre-designed complex functional blocks
for automatic reuse in behavioral synthesis. We identify attributes
necessary for reuse of such complex components and illustrate
how the attributes are captured into a design database. A com-
plex componentMT X_MULT 8X8, which computes product of two
8 x 8 matrices, is captured with the proposed method, and its
reuse in behavioral synthesis is demonstrated with design of a
DCT example. Feasibility of the method for capturing various
components is demonstrated as well.
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data output porDOUT according to the hand-shaking proto-
col shown in Fig. 1(d).

Reusing components such agITX_MULT8X8 with
component-based characteristics and supplemented timing di-
agrams would proceed at Register Transfer Level (RTL), where
designers have to manually instantiate instances of the compo-
nents in their RTL codes and hand-generate interface control
logics. The drawbacks of such an approach are that: (1) read-
ing and understanding documentation have to be repeated ev-
ery time a component is reused and they are time-consuming;
(2) instantiation of components in a design description makes

I. INTRODUCTION <¢

Pre-designed and pre-verified complex functional blocks, Eo MTX_MULTBXS m
such as FFT, FIR and DCT cores, have mask layout data with IR our e
physical layout information. They provide predictable perfor- " mmpmenmface (0 ok an rest constan
mance and physical design information since they are tuned to
a specific process. Thus, reusing such complex components L oo ‘
offers great potential for reducing design time and cost for I R
System-On-Chip (SoC) designs. e [T |

To reuse pre-designed components in synthesis, they need A |
to be properly characterized. Characterization is a process in _< 4 coments >-
which attributes of a componentecessary for its reuse are
identified and captured in a design database. Traditionally, at- e
tributes such as input timing constraints, output delays, area 1 ‘ 64 cycles ‘
and power consumptions are characterized and stored in a de- Sl S N [
sign database. We refer to these characteristicermponent- weeo [ 1] |
based characteristics However, component-based character- Ak hﬁ |
istics are not enough for automatic reuse of complex compo- — S .

nents.

Fig. 1 shows an example of pre-designed complex compo-

nents,MTX_MULT8X8. It performs multiplication of two

(d) output protocol

Fig. 1. MTX_MULT8X8: (a) interface description, (b) clock and reset pulse

8 x 8 matrices, where each element in the matrix is a 16-bibnstraint, (c) input protocol, and (d) output protocol.

number, either unsigned C=0) or signedTC=1). Fig. 1(a)

shows the interface description of the component. Fig. 1(lhe design difficult to modify since selecting alternative com-
shows the constraint on the minimum clock period and respbnents means that the design has to be rewritten; (3) manually
pulse. Input matrices are read into it through the 16-bit datgenerating the control logics is tedious and error-prone, and (4)
input portDIN according to the hand-shaking protocol showrthe control logics are mixed with the rest of a design and have
in Fig. 1(c). The resultant matrix is sent out through the 16-bib be re-verified every time a component is reused.



In order to support automatic reuse in behavioral synthesislock to support behavioral synthesis tasks, such as component
attributes of such componentggessary for their automatic selection, scheduling, binding and architecture generations.
reuse must be identified and captured into a design database.

In this paper, we propose a novel usage-based characterization
method to capture the components such that they can be auéil-' PROBLEM DEFINITION AND TARGET ARCHITECTURE
matically reused in behavioral synthesis. We will concentrate Qur problem is defined as follows: given a pre-designed
on what attributes of a component need to be captured and hewmctional blocks, identify attributes necessary for their reuse
the information is described in the design database. The usgvd capture them into a design database such that behav-
fulness of the captured information in behavioral synthesis Ieral synthesis systems can automatically reuse the compo-
demonstrated by design of a DCT example, and the feasibilifents without knowing their implementation details.
of the method for capturing components with various complex- In order to support automatic reuse in synthesis, it is de-
ities is demonstrated as well. sirable to view a component at a sufficient high level of ab-
straction which describes what operations the component can
perform and hides details about how the component performs
a particular operation. Meanwhile, information about how to
aolesigngpntrol the component to perform the required operation must
)e available to synthesis systems. Therefore, the following two
inds of attributes of a component need to be captured:

Il. RELATED WORK

In a traditional behavioral synthesis methodology,
synthesizes a behavioral description into an RTL net list u
ing a generic library of synthesizable and/or parameterizab
components. Each component in the synthesized RTL net liste functionalities of the component, and
is then synthesized or mapped to an existing component ina | . .
target library later. There is a previous work addressing this ® information abput how to'cont.rol the component to im-
issue [1]. Libraries used in behavioral synthesis tools, such as plement a particular functionality.

BdA [2], Synopsys behavioral compiler [3], OSCAR [4] and Behavioral synthesis usually involves allocation, scheduling
CATHEDRAL-III [5], differ in the complexity of their compo- and binding. Capturing functionalities of a component into
nents. a design database supports the task of allocation and binding

Some recently inbduced behavioral synthesis tools, such asince synthesis systems can search the database for a capable
CADDY-II [6] and AMICAL [7], increase the complexity of component based on its functionalities. Capturing control in-
reusable components in their libraries to include componenfisrmation supports the task of scheduling since the control in-
which can perform part of the system specifications. formation contains details about how to control the component

CADDY-Il synthesizes a component from its behav+io perform a required operation.
ioral specification into an RTL structure consisting of sub-

components. Then the information of the component, such as Ao
its behavioral specification, the synthesized RTL structure and i ACLKn
the determined schedule, are captured into the design database
with the goal of sharing the sub-components in future designs. L g

In AMICAL, components are captured with four different - FSM control | DPICC 3
views: (1) the conceptual view specifying operations able to be I stauws ~
performed by the component, (2) the behavioral view specify-

ing the operations that can be called from behavioral descrip-
tion, (3) the implementation view specifying the external ports,
and (4) the high-level synthesis view linking the behavioral op-
erations and implementations and providing a fixed scheduleFig. 2 shows the target architecture which allows us to de-
for the execution of the operations. In order to reuse suchsign a circuit using components with various complexities. It
component, a designer needs to manually instantiate it in tfeebasically a Finite State Machine with Datapath (FSMD) [9].
input description, meaning that its reuse is not automaticallihe FSM controls components in the datapath. In addition to
achieved. Both CADDY-II and AMICAL do not consider how traditional RTL components, the datapath may contain com-
to capture a pre-designed complex components with arbitrapjex components(CC). These complex components may run at
I/O protocols and determined timing constraints. their own clocks and communicate with the FSM via complex

ALOHA [8] proposed a strategy to capture 1/O signalprotocols. Here we call the clock controlling the FSM as the
ing protocols of hardware modules with an “event graph” teystem clock (SCLK) and the clocks controlling datapath com-
support automatic generation of interface between interagionents as auxiliary clocks (ACLKSs).
ing modules from a high-level specification. However, their
method does not support automatic component selection dur-
ing synthesis.

On the other hand, our usage-based characterization pro-The usage-based component characterization is to charac-
vides a method of capturing a pre-designed complex function&rize a component based onutsage i.e., the functionality of

Fig. 2. Target architecture.

IV. USAGE-BASED COMPONENT CHARACTERIZATION



an operation the component can perform and the constraint®it Specifying an Interface Protocol for Each Usage
has to satisfy. There are two tasks in usage-based characterizal-_he uroose of an interface protocol is to provide control
tion, specifying a usage and specifying an interface protocoal. purp P P

Theinterface protocol describes how to perform the operationIrncormatlon necessary for performmg a bghaworal operatlp n
on a component under the given constraints. By comparing

under the given constraints in the usage. The result of charac- . -

terization is a set obinding rules. Each binding rule relates %ﬁeentol\ﬁ_err;t'&Bf_?gxsfsshhgv\\’,vnn i::' FFiiqg. 13(;‘;‘) \f\llreldotl?seercvoenlﬁg;'

one usage with its corre;pqnding interface protogol. In order (1) they he;ve different number of po.rts ar;d (2) the componént

reduce the number of binding rules for a componerh&rface' usually uses more complicated mechanism to receive operands

generatorsare introduced for usages with flexible constraints. : .

and send results than the operation. Thus, an interface proto-

o colis required to bridge the gap between a behavioral operation

A. Specifying Usages and a component.

The usage describes the functionality of the operations a The control information contained in an interface protocol
component can perform and the constraints it has to satisfy #§0uld specify external control and data flow requirements of
perform the operations. the operations performed by the component, such as how to

The functionality of an operation is modeled as a either pré&fart the operation, how to supply data, read/write protocols,
defined or user-defined function or procedure in a descriptidPut/output operation timings etc. An interface protocol also
language by specifying the name of the function/procedure afi@eds to guarantee that all timing constraints of the component,
parameters and their data types. The function/procedure c8#ch as clock periods, setup and hold timing constraints, are
be invoked in a behavioral description. There are two kinds &@tisfied.
constraints in a usage. The constraints on bit width of operandsAn interface protocol is specified as a state machine, where
specify the size of the operands the component can take, whHE operations are specified for each state and stateiticars
the constraints on design clock(s) specify the requirements fafe controlled by the system clock (SCLK). Since the period

both the system clock (SCLK) and auxiliary clocks (ACLKs). constrainton the SCLK is important for designing the interface
state machine, it has to be specified in the corresponding usage

R o N 6 of the interface protocol.
s ccrosin b An interface protocol is related to a usage Wyireding rule,
! ' which tells that if the usage is matched, the interface protocol
s ety s et can be used to control the component to perform the operation

specified in the usage.
SCLK w sCLk 5ns Sns

(a) (b) Interface protocol

Fig. 3. Two usages for MTXMULT8X8.

%16

DIN

As we mentioned before, thdT X_MULT8X8 can perform
multiplication of two 8x 8 matrices with each element repre-
senting a 16-bit signed number. This functionality can be mog
eled as a functionC = CROS$A B)”, whereA B andC are | ™™ f
8 x 8 arrays of 16-bit signed numbers, as shown in the usage & R
Fig. 3(a). The constraint on the minimum period of the syste
clock (SCLK) is 2hsand it is necessary for design of interface
protocol which will be explained later. THdT X_MULT8X8
can also perform multiplication of two:88 matrices with ele-
ments of 8-bit unsigned numbers. The functionality can also be
modeled as a procedur@ CROS$A,B: in; C: out)”, where

Usage

---—sfCLKk
---—{RST
C

. R REQ MTX_MULT8X8
- - — = R_ACK

---=—|W.REQ

---—»{WACK  pour

G(CNT/B, CNT mod 8) <= DOUT
CNT<=CNT+1

A,BandC are 8x 8 arrays of 8-bit unsigned numbers, as shown Fig. 4. An example binding rule for the MTXAULTSXS.
in Fig. 3(b). The constraint on the minimum period of the
SCLK is 1hs A binding rule of theM T X_MULT8X8, which specifies an

A component may have multiple usages if it can perform difinterface protocol for the usage in Fig. 3(a), is shown in Fig. 4.
ferent operations or perform the same operation under differefstcontrol scheme to control thd T X_MU LT8X8 to perform
constraints. On the other hand, different components may hatree “CROSSis specified in the interface protocol as a state ma-
the same usage since there may exist more than one compordrihe. In the initial stat&TO, it resets th T X_MULT8X8 by
in a design database which can perform the same operation gending ‘1’ to the porRST. In the stateSTL, it pullsRSTback
der the same constraints. A component would be selectedttn'0’, sends ‘1’ toTC, indicating that the operands should be
perform a required operatiohand only if the functionality of treated as signed numbers and waitsRdRE Qto become ‘1’
the operation is matched, and the constraints on design clodRace theR REQ becomes ‘1’, it goes to the stafl2 and
and operand bit width are satisfied. sends ‘1'toR ACK. Then it stays at the stagT3 for 64 cycles



and sends one element (row wise) to the componesddt cy- to produce a customized interface protocol. The interface tem-
cle. Similarly, in the stat&T4 toST6, it sends the 64 elements plate specifies a basic state machine which contains neces-
of the second matriB to the component. Then it waits for the sary information for generating a customized interface proto-
computation to finish and fetches the resultant matrix in theol. Since the constraints passed into an interface generator
stateST7 to ST9. Since the clock period is no less tham80 include constraints on size of operands and constraints on de-
the 1mspulse constraint on theSTis satisfied by keeping it sign clocks, three kinds of transformations may be applied to
high for one cycle. the template: state splitting, operand expansion and result ex-
The interface protocol actually captures design knowleddeaction.
about how to use a component to perform a particular opera-
tion. If the simulation model of the component is available,
the interface protocol may be verified by simulating the state

Interface generator

machine together with the component and checking whether Interface tempiate
the resultant matrix generated in the interface is correct. Once
the interface protocol is verified and captured into a design A ?
database, it may be used directly by a synthesis system to cqp, 7 &;
trol the component to perform a required operation. - > O <= AR e o

::m::‘ C=CROSS(A, B) =T / :
C. Interface Generators o A8 c 000 Y [

Different constraints on performing an operation usually rg ... -w=

quire different control schemes. For instance, performing the Transformations i
operation specified in Fig. 3(b) under a system clock with the - !
minimum period of 1@srequires that th&®ST signal be kept )

high for at least two cycles to satisfy theridpulse constraints.
Furthermore, the 8-bit matrix elements need to be expanded to
16-bit to match the 16-bit input po®IN, and the 8-bit re- Fig. 5. Interface generator.
sult needs to be extracted from the 16-bit output @MU T
to match the size of the elements of the resultant magrix
Unfortunately, such constraints are not known until synthe-
sis. In order for a component to be used under various de-The state splitting splits a state in the template into several
sign constraints, it is necessary to specify interfaces suitablegtates with all the statements in the original state duplicated
perform an operation under all possible design constraints aimdo each post-split state. It is usually used to satisfy con-
store them into the design database. However, such a mettsirhints on input ports, such as pulse constraints and setup/hold
will require a huge number of binding rules to be specified fotiming constraints, by sustaining the values on the input ports
the component, and result in a huge design database. Thefior-more than one system clock cycles. The number of states
terfaces determined during characterization are referred to ms&y be determined by dividing the worst case timing con-
static interfaces straints among all the signals in the original state by the system

In order to be able to usd T X_MULT8X8 to perform mul- clock period. Operand expansion expands operands of a be-
tiplication of two 8x 8 matrices with each element less tharhavioral operation to match the size of component input ports,
16-bits and representing either unsigned or signed numbevghile result extraction extracts data from component output
for instance, we might need to specify 286 x 2=512 bind- ports to match the size of the result expected by the behavioral
ing rules. Considering possible variations of the system cloabperation.
periods makes this number even larger.

To solve this problem, we introduce usages with flexible Fig.5 shows an interface generator to generate interface pro-
constraints and interface generators. The flexible constraintgols to control the T X_MULT8X8 to perform multiplica-
on the operand sizes and design clocks are specified as rangiesis of two 8x 8 matrices as long as the bit-width of the matrix
For example, the constraint on the element size of theB88 element is no greater than 16 and the minimum period of the
matrix would be greater than 0 and less than 17, and the cdBELK is no less than Is The statéSTO in the interface tem-
straint on the minimum system clock period would be greatgrlate will be split into[%(] states, wher&CLK represents
than 1s An interface generator is a programmable interthe period of the system clock specified during synthesis and
face protocol for a usage with flexible constraints. It needs tb5 is the minimum pulse width constraint &5 T port. The
be programmed in such a way that it takes as input the coalement of the first matrix needs to be expanded in the state
straints to perform an operation and generates as output a c833 and the result is extracted in the st&E9. This reduces
tomized interface protocol if the constraints satisfy the flexiblehe number of binding rules to 1. But we can still obtain ap-
constraints specified in the usage. propriate control schemes to control thi&d X_-MULT8X8 to

An interface generator usually consists of an interface tenperform the required functionality under various design con-
plate and a set of transformations to manipulate the templataints.



V. COMPLEX FUNCTIONAL BLOCK REUSE IN VI. EXPERIMENTAL RESULTS

BEHAVIORAL SYNTHESIS ) )
We have captured a variety of pre-designed complex func-

Complex functional blocks with usage-based characteristit¢®nal blocks into a design database, eXploration Database
are able to be automatically reused in behavioral synthes{¥D)! of Y Explorations, Inc. (YXI) using the proposed
With a set of binding rules stored in a design database forusage-based characterization method. The components can be
component, the database search engine can use a behavisusdmatically reused during synthesis process using YXI’s eX-
operation and design constraints passed by synthesis systgnaation Compiler (XC3.
as keys to search for components able to perform the operadn the first experiment, we demonstrated that usage-based
tion under the given constraints. The search results, which agbaracterization supports efficient reuse of complex compo-
components and their usage-based characteristics, are returnedts by designing the DCT example with three different al-
back to the synthesis system. Once a component is selectedations and two design clock constraints as shown in Table I.
by the synthesis system, the behavioral description needs@omplex components, such as shift-and-add multiplier and the
be modified to include the control scheme specified in the iMTX_MULT8X8 were used in the designs. The DCT algo-
terface protocol to control the selected component. A natwithm was described in two ways. One uses nested loops with
ral approach is to embed it into the original description andddition and multiplication operations inside (input 1) and the
use it to control the component. [10] proposed a modified listther usesCROSSfunction calls (input 2). Column 2 in Ta-
scheduling algorithm which takes such a control scheme intide | lists the number of lines of VHDL codes for both de-
consideration during scheduling. scriptions. Column 3 lists three allocations for the designs and

Reuse of theMTX_MULT8X8 in synthesis of a 2- column 4 lists the clock constraints. For comparison, column
dimensional DCT example is demonstrated in Fig. 6. The de$ lists the number of lines of VHDL codes a designer would
inition of the DCT for an 8« 8 image can be represented agvrite to design the DCT with specified allocation and design
follows [11]: constraints at RTL. Column 6 lists the increment percentage of

COEFF x Ax COEFF' code size of these two kinds of descriptions. The last column
lists the number of states in the RTL codes.
whereA is the input imageCOEFF andCOEFFT are DCT

. . TABLE | THREE DESIGNS FORDCT
constant array and its transpose, respectlvely.

Input description # of lines of VHDL # of lines of VHDL

Design Database . lcodes to reuse FUs clock | codes to reuse FUs
o
. + | constraints design | oo usage-based allocation 9) ‘with comp.~based % increase | # of states

.
characteristics characteristics

.
tem := CROSS(COEFF A); \
7 := CROSS(tem,COEFF T);
: Synthesis system
20 278 355 40

hd / 18-bit SAM
SCLK 1 19-bit adder 10 208 388 a4
10ns | 10ns
X 20 319 811 42

H input 2 35 1 8-hit 8x8 matrix
g ******* customized interface
g =

1 8-bit array mult 20 224 267 28

1 19-bit adder

10 252 313 32

input 1 61

10 327 834 44

mult

The input 1 and 2 have been synthesized by XC into a struc-
tural implementation for each allocation and clock constraint.
The database support relieves the designers from understand-
ing I/O protocols and timing diagrams of the components.

_ _ In the second experiment, we demonstrated the feasibility
Fig. 6. Synthesis of a DCT example. of our method for capturing functional blocks with various
. . . . . complexities. Table Il lists 7 components we captured us-
The input behavioral description mainly contains two funci-ng tﬁe usage-based characterizatign method. All it)he compo-
tion calls to CROSSand is synthesized under a system clocknents were desianed usina MSU SCMOS 0 8-standard cell li-
with the minimum period 28s The synthesis system needsle)rary [12] 9 9 '
to query a design database to find components able to per- . .
. . : : The 16-bit adder and 16-bit ALU show that our method

form the ‘CROSSunder the given design constraints. If th ) o .
MT X_MULT8X8 is selected fgrom the re%urned components? an also be applied to capture combinational and/or multi-

- . . : unctional unit. The 16-bit shift-and-add multiplier has data
perform the CROSS the synthesis system can instantiate adependent execution time. The 16-bit Radixp4 Booth mul
instance of theMTX_MULT8X8 and embed the customized F= -+ y . o i
interface protocol into the description. Since there is a dai I(laerl ésb;:npileezrl]i(ra\re]toledmﬂﬁilnﬁe:stp?SSf (i:lcécz'tgg ezChe'm%
dependence between the tWwoROSSoperations, they can be TX MULTpB)p(B is the comp onent we useg ﬁ] the ga e'r And
performed on the same component. The interface protocoll\/sL - P paper.
used twice to control thBI T X_MULT8X8 to perform the two XD is a trademark of YXI.

operations. 2XC is a trademark of YXI.




TABLE Il U SAGE-BASED CHARACTERIZATION FOR7 COMPONENTS

[11] P.M. Embree and B. Kimble&Z Language Algorithms for Digital Signal

Component Features Clock /o Automatic reuse in behavioral synthesis ProceSS|ngPrent|ce Ha”Y 1991
name reqirements protocols Comp.-based char. | Usage-based char.
16-bit combinational [12] http://IWWW.ERC.MsState.Edu/mpl/scmos/html/
carry lookup FU 0 No Yes Yes
adder release.html
16-bitaLy | MUlti-functional 0 No Yes Yes
unit
16-bit
shift-and-add data-dependent 1 customized No Yes
. execution time protocol
multiplier
16-bit
Radix'4 Booth two phase 2 one-way hand No Yes
: clocking shaking
multiplier
16-bit four
stage pipelined pipelined 1 No No Yes
multiplier
8x8 matrix array 1 customized No Yes
multiplier computation protocol
array customized
8x6 DCT computation 1 protocol No ves

the DCT is the design synthesized usinghMhieéX_MU LT8X8.

All the components with usage-based characteristics can be au-

tomatically reused in behavioral synthesis.

We have presented a novel usage-based characterization of

VII. CONCLUSION AND FUTURE WORK

pre-designed complex functional blocks for automatic reuse

in
str

cols based on the operations and the design constraints. The
proposed method has been implemented in the eXploration

behavioral synthesis. The I/O protocols and timing con-
aints of the components are captured into interface proto-

Database (XD) of Y Explorations, Inc.. Experimental results
have demonstrated its efficiency and feasibility in reuse of

co

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

[9]

[10

mplex components in behavioral synthesis.
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