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Abstract * high-level synthesis with TCs, preserving correspon-

dence between the behavior of the synthesized
hardware and that of the simulation model;

* back-annotation of the synthesized times for post-syn-
thesis behavioral simulation;

« simplicity, readability, and clarity of the notation, and
integration into the overall language concept.

The proposed notation is implemented in the VHDL front-

d of the CAMAD high-level synthesis system designed at

This paper describes two methods to specify timing con-
straints in behavioral VHDL for high-level synthesis
purposes. The first method specifies timing constraints on
sequences of statements by using predefined procedures.
The second method provides support for specification of
timing constraints across process borders based on concur-
rent assert statements on signal events. The paper discuss%ﬁ

also an approach to synthesize hardware with timing Con'Linkb'ping University [12, 4]. In Fig. 1 we show the overall

T s ot S magefUUELI o e ystem, inclucing igieve ynhess fom a
and that of the synthesized hardware ehavioral VHDL specification with TCs to a r_eglster-trans-

' fer level hardware structure and back-annotation of the input
. specification for post-synthesis simulation. One important
1. Introduction aspect of CAMAD is its ability to synthesize VHDL specifi-

A high-level synthesis (HLS) system performs two main cations_ consisting of_ several interacting processes [5].
tasks: resource allocation and operation scheduling [6]. Théccepting for synthesis TCs in the context of VHDL pro-
time schedule of operations in the final hardware implemen-C€SSes interacting through signals generates difficult semantic
tation generated by a HLS algorithm is determined by theProblems. Some solutions will be pre;ented for preserving
optimization decisions made during synthesis. Therefore, Z£0Irespondence between the behavior of the synthesized
high level algorithmic description accepted for HLS very hardware and_that of _the simulation model, while accepting
often contains no timing information. Some design require-Poth TCs and interacting VHDL processes for synthesis.
ments can, however, impose certain timing restrictions on  1NiS paper is divided into six sections. Section 2 dis-
the functionality of the specified system [10]. cusses possible solutions for TC? specn‘lcafuon and evaluates

Requirements on the timing aspects of a design can ptheir advantages and _s_hor_tcomlngs. Section 3 presents our
incorporated atiming constraintTCs) in the behavioral approach to TC specification with predefined procedures.

specification submitted to the synthesis system. Verification>€ction 4 explores the problems concerning VHDL simula-

of consistency and operation scheduling under timing con- back-annotated ack-annotate
straints are discussed in [2] and [9]. In this paper we propose VHDL model odel generat
a notation for TC specifications in behavioral VHDL and Spggf%tior

discuss some aspects concerning synthesis with such con- _

straints. We consider the following main requirements for a @ synthesized time

for back-annotation

notation capturing TCs for high-level synthesis with VHDL.:
« specification of minimal, maximal, exact, and range
constraints between arbitrary statements;
« specification of nested TCs;
« simulation of the VHDL design before synthesis, with
some estimated values for the TCs;

internal desig
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Fig. 1. High-level synthesis with timing constraints.



tion semantics in the context of synthesis with TCs andPAS?SQ‘?YEP(I;EOPSUaiTISS;l§I’IME RANGE 150 ns TO 150 ns:
presents our solutions. In section 5 we introduce a mecha sygtvypE t:mgzz IS TIME RANGE 0 1 TO 200 ns.

i ifi i i SUBTYPE time_3 IS TIME RANGE 100 ns TO TIME'HIGH;
nism for TC specifications across process borders. Finally 2 E1vpe fime=4 IS TIME RANGE 100 s TO 1200 ns;
section 6 presents our conclusions. CONSTANT constr_1:time_1;

CONSTANT constr_2:time_2;
CONSTANT constr_3:time_3;

2. Specification of TCs END Conaaints T oons_bme 4
A PACKAGE BODY constraints IS
Some hardware description languages, such as Hard " inevaluesare estimated for pre-synthesis simulation;

; i initi -- they will be back-annotated after synthesis.
wareC [9] and DSL [2], include as part of their definitions a £ J%{ANT constr1-ime. 1'=150 ns.

notation for TC specification. There is, however, no provi- CONSTANT constr_2:time_2:=100 ns;
sion in VHDL [8] for the specification of a minimum, CONSTANT 3822{{;4;§;m2;4;;588 2:
maximum or range of acceptable TC values for synthesis ., CONSTANT constr_S:ime_4:2650 ns;
According to VHDL standard semantics batiter clauses
in signal assignment statements avait statements with PR\?/EREligLE anchorl. anchor2: TIVE:
time clauses are used to express strict simulation timing gz ’ ' ’
Thus, if VHDL is used as an input language for high-level (A:l\iCHOR(anchorl);
synthesis, some conventional notation has to be adopted fc SeXACT_TIME(constr_1, anchorl);
the TC specification. I cAwngggnchorz)_

Some HLS systems accepting VHDL as an i_nput lan- i\/iAX_TIME(constr_’Z, anchor2)
guage, such as CALLAS [1], rely axactsynthesis of a ELSE
user specified number of clock cycles between certain oper (.A.NCHOR(a”ChOfZ)?
ations. In the VHDL subset accepted by CALLAS, timing EN'\[")':-“F@T'ME(CO“S“—& anchor2);
specification is base_d on a set (_)f predeflneq proceqlu_res. TF :F{ANGE_T|ME(constr_4, anchorl);
CALLAS approach in fact requwes.sc.hedullng decisions to END PROCESS;
be taken by the designer and thus limits the freedom for synfig 5. Timing constraints on sequences of statements.
thesis optimization. In [7] a similar approach to timing ) o
specification is proposed. In addition, the so called “inter- Passing as an argument the value of the time interval asso-
face procedures”, for the specification of the interface partciatéd with the constraint. The location of the call
of the circuit, are introduced. They are synthesized by spedétérmines the end point (tr@nk of the constrained
cialized tools, and signal assignments andit for sequence. The starting point of the statement sequence is
statements are accepted only inside such a procedure. THigfined by aranchor To refer to the anchor, each call to a
use of predefined procedures for TC specification is alsg’rédefined timing procedure contains a second argument
advocated in [11]. representing a variable of typgigne The anchor point is

Synopsis VHDL tools use both commented lines and defined by the precedent call to a timing procedure that con-
attributes to specify TCs [13]. The main drawback with (&ins as anargument the same time variable. An example of
these two methods is that no simulation of the behaviorall C SPecifications is given in Fig. 2, where the constrained
model is possible, either before or after synthesis. The TCSeduences are indicated by arrows.

are ignored by VHDL simulators and are recognized only ~ 1he predefined packagene_restrict implemented as
by the synthesis tools. part of our design environment, exports the timing proce-

dures anchor range_time min_time max_time and
exact_timelt is natural that both the anchor and the sink of
a TC have to be located in the same branchibstatement,
In order to express TCs in a behavioral VHDL descrip- variant of acase and body of éoop, procedure or process
tion for high-level synthesis, a conventional notation is  The time values associated with the constraints are spec-
needed to specify restrictions on the execution time of aified as constants of a subtype of tyjpee. Similar to the
sequence of statements after synthesis. According to ouapproach proposed in [3], at synthesis the ranges of these
requirements we consider the following restrictions on the subtypes are identified as the constraint limits. The values of
execution of a sequence of operations: the time constants are ignored by the synthesis tool.
« Minimal delay it has to take at least a certain time; For simulation, the constraint associated with a time con-
» Maximal delayit has to take at most a certain time;  stant (the range corresponding to its type) is not relevant, but
» Range delayit has to take a time between two limits; its value is considered. This value is passed as a parameter
« Exact delayit has to take exactly a given time. to the procedure exported by the packige_restrictand
For each of the above TC specifications a predefined prois considered by the VHDL simulator. In our example these
cedure is implemented. To specify a certain restriction thevalues are specified in the body of packemyestraints For
user calls the corresponding predefined timing proceduregpre-synthesis simulation the values are estimated by the

3. Predefined Procedures for TC Specification



PACKAGE BODY time_restrict IS and in the back-annotated simulation model.
PROCEDURE wait_delay(delay: TIME;t_anchor: INOUT TIME) IS
VARIABLE to_wait: TIME;

BEGIN : :
to_wait:=delay-(NOW-t_anchor); -- time left for wait 4. 1. DeSIQn Representatlon
IF to_wait>=0 THEN . . .
EL\éVéMT FOR to_wait; The internal design representation of CAMAD, called
ASSERT FALSE--already more time spentthen expected ETPN (EXtended Timed Petri Net) [12], has been developed to
R O ming restriction error capture the intermediate results during the high-level synthesis
tEl:ECLFSr__NOW_ et time for anchor process. The ETPN representation, which VHDL specifica-
END wait_delay; tions are translated to, consists of a control part and a data path.
PROCEDURE range_time(delay: TIME;t_anchor: INOUT TIME) IS The control partis represented as a timed Petri net with
BEGIN . " . .
wait_delay(delay, t_anchor); restrlpted transition firing ruIe;. Transfer_ of data in the data
END range_time; ath is controlled by control signals coming from the control
y
FROCEDURE anchor(t_anchor: OUT TIME) IS part. A control signal is generated when a token is deposited at
ENGEnChor=NOW; - set ime for anchor a Petri net place. A Petri net transition may be guarded by one

or several conditions produced from the data path. It may be
fired when it is enabled (all its input places have a token) and
the guarding condition is true. In Fig. 4 we show an ETPN
ontrol part and its corresponding VHDL sequence.

TCs are captured by the ETPN representation as additional
¢s in the control part (represented as dotted lines in Fig. 4).
They are attributed with the time limits associated to the con-
straint and with an identifier corresponding to the respective

this with a seauence from the package Hode restrictin time constant (the identifier is provided for back-annotation).
. . q P 9 ¥_ Such an arc is placed between the control places corresponding
Fig. 3. Simulation of the delay on the constrained sequence i

solved by thevait for statement in the procedumeit_delay ® the start and to the end of the constrained sequence.
The actual wait is for the amount of tinte_(waij left after
previous waits executed inside the constrained sequence c
responding to the specified anchor. This solution supports, |n [5] we presented two models for specifying interacting
according to our requirements, nested TCs. VHDL processes, the unrestricted model and the reduced
The synthesis tool ignores the body of the predefined timsynchronization model. Thenrestricted modebffers the
ing procedures. The procedures are recognized by their nanfeeedom to express process interaction at the level of signal
and the corresponding constraint is translated into the interassignments and wait statements. From the point of view of
nal design representation, with time limits corresponding tosynthesis the model implies practically the hardware imple-
the range of the subtype associated to the time constant. mentation of the simulation cycle in order to preserve
simulation/synthesis correspondence. This means that pro-
4. Simulation/Synthesis Correspondence cesses have to wait for each other, until all of them are
- . . . executing a wait statement, before updating the signal values.
The most d|_ff|cullt issues concerning hardware synthesis The synthesis strategy corresponding ta¢deiced syn-
of VHDL specifications originate from the VHDL seman- ., onization modetioes not reproduce the simulation cycle

tics of signal assignments, wait statements, and the iming, 54y are, while maintaining simulation/synthesis corre-
model, which are specified in terms of simulation. We have

developed and implemented two strategies for high-level i

END time_restrict;
Fig. 3. Part of the package time_restrict.

designer; after synthesis they are automatically replaced at
back-annotation with the synthesized times which are thena r
considered for post-synthesis simulation.

At simulation the four proceduresnge_timemin_time
max_timeandexact_timeact in a similar way. We illustrate

&}: 2. Synthesis of Concurrent VHDL Processes

;ynthess of behavioral VHDL descriptions conta_unlng @ “ ANCHOR(anchord)
interacting concurrent processes [5]. These strategies pred .- @ x:=z+1; -
serve the partial ordering relation of operations on signals £ - 3 I NCHOR(@nchor2): 2
and ports from the simulation model to the synthesized g; g x=atZ, e
hardware structure. Thus we achieimulation/synthesis  5' C g )I\//.IIN_fIME(constr_3,anch0r2);
correspondencehich means that the simulation model and : 5 EL;?;Ea*Z; S5
the synthesized hardware react with the same valuess: g ety -
(sequences of values) of the signals and ports to identical - ' RANGE_TIME(constr_,anchorl);
sequences of stimuli applied at the inputs. ) \ S o

For VHDL specifications containing TCs, simulation/ o 2

. . . ... =
synthesis correspondence implies the conditions stated=
above and the correspondence between the timing behavior _ '
of the constrained sequences in the synthesized hardwaiFig- 4. An ETPN controll part and its corresponding VHDL code.



P1: P2 the following:

() anchor(ta); () anchor(2); Inside a constrained sequence a process should behave as
— — if it would be in a wait state; this means that, from the point
S e of view of global synchronization, the process executing a
/ exact_time(3 ns, t1); exact_time(15 ns, 12); constrained sequence should not prevent the update of sig-

nal values and reactivation of other processes.

This relaxation of the global synchronization of pro-
cesses can produce a nondeterministic behavior of the
spondence. According to this model VHDL processes synthesized hardware, if no restrictions on the use of signals
interact using a synchronous message passing mechanisi specifications containing TCs are introduced. We use pro-
with predefinedsendreceive commands. Communication cessesQl and Q2 in Fig. 6 to illustrate this problem.
channels are represented by VHDL signals. Assignment ofAccording to the simulation semantics, the value of signal
a value to a signal is done witlsendcommand. Processes Will be updated only when both proces§gbandQ2 are
that refer to the signal will wait until a value is assigned to €xecuting a wait statement; the first two references to signal
it, by calling areceivecommand. sin proces®)2 will always result in the same value. If pro-

The correct behavior of the hardware described conform-cesses are synthesized according to the rules discussed
ing to the reduced synchronization model does not rely on@Pove, the value afwill be updated iQ1 executes the wait
the implicit synchronization enforced by the simulation @ndQ2executes any statement in the constrained sequence.
cycle. Thus the synthesis strategy corresponding to thisThus the behavior of the synthesized circuit diffe_rs from
model does not need to implement the simulation cycle inthat of the simulation model and, @2, the value of signal

Fig. 5. Parallel processes with timing constraints.

the synthesized hardware [5]. sin the second reference can differ from that in the first one;
this will happen if at the moment th@tl reaches the wait,
4. 3. Simulation/Synthesis Correspondence with Q2 executes a statemenf[ of the constrained sequence pre-
the Unrestricted Model ceding the reference to sigrsal

Determinism in standard VHDL semantics is based on

The consequence of the synthesis strategy entailed by ththe fact that process interaction is strictly concentrated to
unrestricted model on the behavior of a hardware specificathe states when all processes are executing a wait. To pre-
tion with TCs is illustrated by proces$&sandP2 with their serve such a determinism in the circumstances of our
control part depicted schematically in Fig. 5. Both processesynthesis strategy with TCs we have to exclude any opera-
consist of a statement sequence constrained by an exact T@on that is related to process interaction from the
At simulation, according to VHDL semantics, the statementconstrained sequences. This results in the following restric-
sequences will be executed in 0 (simulation) time before the&ion on the TC specifications:
processes are stopped in the wait state (as result of the wait No access to signals is allowed inside a constrained
statement executed in proceduait_delay defined by sequence; these sequences execute internal operations
packagdime_restric}; proces®1will be restarted after 3 ns with local variables, which neither influence nor are
simulation time and thus the constrained statement sequence affected by other processes. Interaction between processes
inside its body will be activated four more times before reac-  (signal assignments, references to signals, wait statements)
tivation of proces®?2 (after 15 ns simulation time). should be executed outside the constrained sequences.

After synthesis the generated structure needs 3 ns and 15
ns respectively for the execution of the sequencP4 and 4. 4. Simulation/Synthesis Correspondence with
P2. However, as result of the synthesis strategy discussed in  the Reduced Synchronization Model
the previous section, after reaching the wait statement, pro-
cessP1 will have to wait for procesB2 to reach the same ~ AS mentioned in section 4.2, synthesis with the reduced
state. Hence, both processes will execute their sequencesynchronization model does not implement global synchro-
stepwise the same number of times. A shorter executiorhization in hardware. The correct behavior of a hardware
time for P1 will result in a longer time to wait for global spPecified in VHDL according to this model does not rely on

synchronization with proced$22. It is obvious that such a

circuit works differently both from simulation behavior and Q2: ;ﬁzﬁaf(fé;);
from the designer’s intuitive expectation. The difference is p :
due to the delay time interpretation at simulation and at syn- VT NS

thesis: at simulation the prescribed time is entirely spent in

the wait state while the synthesized hardware spends this
time along the constrained sequence and thus prevents all
other processes from leaving a wait state. The consequence
for our synthesis strategy, if we are accepting TCs, has to b¢Fig. 6. Operations on signals in constrained sequences.

1

4 exact_time(15 ns, t2);

X =..8..;




the global synchronization imposed by the simulation cycle,p1; P2:

but only on the synchronization explicitly stated with the hor(: receive(a)
sendreceiveoperations. As a consequence, the synchroniza- ,_ anchor();
tion mechanism and timing are orthogonal and no additional W anchor(y):

rules or restrictions have to be introduced in order to guar-
antee simulation/synthesis correspondence with TCs.

This results in no restriction on the statements in a con-
strained sequence. However, if some of these statements

range_time(constr_4,

range_time(constr_5,t);
~3end@X) 1109 s, 80

-

(like sendandreceive for instance) require a data dependent send(b,y)
delay, it is possible that synthesis which satisfies the require
constraints under any circumstances has to be rejected [9]. anchor(t);

5. Specification of TCs Across Process Borders

exact_time(constr_1,t);
The previous sections have focussed on TC specifica-

)i ‘.F
vd
ns
X anchor(t); ;
max_time(constr_2,t) —
tions on sequences of statements inside a process. Howeve.

. L . I'—rlg 8.Representation of timing constraints across process borders.
design restrictions can also be expressed as constraints c..

the time interval between certain events on signals and it ibetween signals andb then an arc has to be generated
likely that these events are produced by different processedetween each control place correspondingsienalona and
In order to reason about synchronization and communi-each place corresponding teemdonb. In Fig. 8 we show a
cation across process borders, and specifically about theepresentation corresponding to the example in Fig. 7.
relative timing of operations, process interaction has to be A VHDL design that contains no other TCs than those on
specified at a higher level than that using VHDL signal signals (specified bgssertstatements) results in a correct
assignment and wait statements. Hence, we have based tlsgnthesis, according to the specified timing requirements (if
mechanism for timing specification across process bordersiming analysis and operation scheduling are possible), but
on our reduced synchronization model. no simulation with the TCs can be performed. During such
We have decided to use for our notation ¢bacurrent a simulation, thessertstatement would report a violation
assert statemerand to specify constraints as follows: after eachsendon the constrained signals, because there is
ASRSEPRS Rﬁf}%m?g constraint violation” no operfitlon in thg VHDL model that produces any progress
SEVERITY WARNING; of the simulation time.
Such a shortcoming will be eliminated with a complete
design, like that in Fig. 7. Both TCs on sequences of state-
ments inside the processes and constraints on signals have

The conditionhas to be a call to one of the four prede-
fined boolean functions exported by packages_restrict
range_assertexact_asserimin_assertormax_assertThe
function will be selected according to the kind of the con- _
straint that has to be specified; function parameters defineARﬁéaﬂ%ﬁy”T&zmﬁsmminp,g_2
the two signals affected by the constraint and the constrain g%ENt/LTea[)?SIgg}égLELF;{_
limits. In the example presented in Fig. 7, #ssertstate- ’

BEGIN
ment specifies that a transaction on sidpfas to come not A S SER (A TRANSACTION D TRANSACTION,100ns,800ns)
earlier than 100 ns and not later than 800 ns after a transa¢
tion on signakb. It has to be mentioned that in the reduced
synchronization model, a transaction or event on a signal
can be produced only as result cfeandoperation.

During simulation the concurreassertstatement will be
triggered at eactendexecuted on signalorb, and an assert
violation occurs if the constraint is not satisfied. We present,
for illustration, the predefined functiomnge_assert as
defined in the body of packatime_restrict
FUNCTION range_assert (SIGNAL a,b:IN BIT; t1,t2:IN TIME)

RETURN BOOLEAN IS
BEGIN
RETURN NOT b’ACTIVE OR

(NOW-a’'LAST_ACTIVE>=t1 AND NOW-a’'LAST_ACTIVE<=t2);
END range_assert;

The synthesis tool translates th&sertstatement into a

REPORT "timing constraint violation"
SEVERITY WARNING;

P1:PROCESS

VARIABLE t: TIME; VARIABLE x: INTEGER;
BEGIN

ANCHOR(1);

RANGE_TIME(constr_4.t);

.S.E.ND(a,x);

ANCHOR(t);

MAX_TIME(constr_2,t);
END PROCESS P1,

P2:PROCESS

VARIABLE t: TIME; VARIABLE y: INTEGER;
BEGIN

RECEIVE(a);

ANCHOR(t);

RANGE_TIME(constr_S,t);

SEND(b.y);

ANCHOR(t);

EXACT_TIME(constr_1,t);
END PROCESS P2;

constraint represented as one or several edges in the interrEND synth;
design representation. If a time constraint has been expressiFig. 7. Timing constraints across process borders.



ASSERT RANGE_ASSERT(inp TRANSACTION,outp TRANSACTION,1,t2)
REPORT "timing constraint violation"
SEVERITY WARNING;
-- this constraint is provided only when
-- process P1 is interacting with P2

P1: PROCESS P2: PROCESS
BEGIN BEGIN
RECEIVE(inp); R
ANCHOR(t); SEND(data,inp);

-- algorithm (ell. filt. or DFT)
RANGE_TIME(constr, t);
SEND(outp, result);

END PROCESS P1;

END PROCESS P2;

Fig. 9. VHDL skeleton used for experiments

7. Conclusions

We have presented a notation for TC specifications in
VHDL for high-level synthesis. Based on the requirements
adopted in the first section, we have decided to use prede-
fined procedures for the specification of constraints on
sequences of statements. Our notation accepts nested TCs
with specification of minimum, maximum, range, and exact
limits and supports back-annotation for post-synthesis sim-
ulation. We have also provided support for specification of
TCs across process borders.

One of the major problems of defining and implementing a

been provided. The global constraints, expressing timingmechanism for TC specifications in the context of VHDL syn-
requirements on signals, are significant in this context bothyegis js how to preserve consistency between the behavior of
at simulation and synthesis. Simulation verifies if local con- 4o simulation model and that of the synthesized hardware.
straints satisfy global requirements on signals, expressed bife nave proposed solutions to this problem in the frame of
assert statements. At synthesis the global constraints arg, synthesis strategies and have shown in the paper how sim-
interpreted as additional restrictions that have to be Cons'd'ulation/synthesis correspondence can be achieved for VHDL
ered when exploring of the design space spanned by thgpeifications containing both concurrent processes and TCs.

constraints on sequences of statements.
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