ECIP2/UM/008-1 22-10-92 Conclusions The presen ted mo del had ob jectiv es. First to devise and use mo del of time based on ev en ts mo del whic attac hes sp eci�c seman tics to the time units metric of the time space. In absence of suc mo del, in tegers or whatso ev er time units ould stand just for alues common to large class of ob jects. As for sp ecifying data yp es, set of alues can seen as the base yp of ector, list, bag, stac k, queue etc. Only constraining the use of these elemen ts one can claim to ha sp eci�ed particular kind of data yp ob ject. Second, the mo del emphasised the fact that using appropriate mo del concept<s (for example, transactions and states) the eha viour mo delli ng ecomes feasible with no extensions added to EXPRESS. It sho ws that EXPRESS is not ’static’ mo delling language ecause time can mo delled in the same as an geometrical space ordering concept. Ac kno wledgem en ts Supp ort for the ork describ ed in this rep ort has een receiv ed from the Commission of the Europ ean Comm unit through the ECIP (ESPRIT 2072) pro ject. The help of colleagues in the CAD group at the Univ ersit of Manc hester is greatly appreciated. wish to thank in particular Alan R. Willi ams, H.J. Kahn, Gerhard Sc holz (F ern univ ersitat Hagen) and olfgang Mueller (P aderb orn Univ ersit y) for their useful commen ts and suggestions to the rep ort. References [IE88] IEEE. IEEE Standard VHDL Language. Reference Man ual, IEEE, Inc., 345 East 47th Street, New ork, NY 10017, USA, 1988 [ISO91] ISO TC184/SC4/W G EXPRESS Language Reference Man ual. ISO10303:P art 11 ersion N14, April 1991 [KS86] Ko alski R. and Sergot M. Logic-Based Calculus for Ev en t s. New Generation Computing, ol. 4, 1986, pp 67-95 [LSU89] Lipsett R., Sc haefer C. and Ussery C. VHDL: Hardw are Description and Design. Klu er Academic Publishers, 1989 [GA78] Gale R.M. (ed.) The Philosoph of Time. Humanities Press, 1978 [GC92] Giumale C. A. Mo dels of Time. Rep ort ECIP2/UM/009-1, Univ ersit of Manc hester, 1992 [SMW92] Sc haefers L., Mueller W. and Wilk es W. Examination of Concepts in Existing Mo d- elling Languages Metho dologies to Mo del Beha vioural Seman tics. Deliv erable Rep ort ECIP2/HU/008-1, 1992 [VT92] an assel J. ormalistation Of The VHDL Sim ulation Cycle. ec hnical Rep ort No.249, Computer Lab oratory Univ ersit of Cam bridge, 1992 [WD92] Wilsey A. and Da vis K. A. Mo deling VHDL’s Execution Seman tics in EXPRESS. Unpublish ed pap er, 1992 ards VHDL Mo del age: 49 ECIP2/UM/008-1 22-10-92 QUERY(t <* Time_point QUERY(e <* Event e.event_time_point :=: t) t.present) Time_point; END_RULE; RULE linearise time FOR (Time point); WHERE QUERY(t <* Time point QUERY(tp <* Time point (t tp) OR ((t.past t.present) <= tp.past) OR ((tp.past tp.present) <= t.past)) Time point) Time point; END_RULE; RULE big_bang FOR (Time_point); WHERE SIZEOF(QUERY(t <* Time_point (t.time time_start) AND (t.past []))) 1; END_RULE; FUNCTION is next(e1,e2: Event): BOOLEAN; RETURN (e1.event time point.past (e2.event time point.present e2.event time point.past)); END FUNCTION; FUNCTION is concurrent(e1,e2: Event): BOOLEAN; RETURN (e1.event time point.present e2.event time point.present); END FUNCTION; FUNCTION is previous(e1,e2: Event): BOOLEAN; RETURN (e2.event time point.past (e1.event time point.present e1.event time point.past)); END FUNCTION; FUNCTION is before(e1,e2: Event): BOOLEAN; RETURN ((e1.event time point.present e1.event time point.past) <= e2.event time point.past); END FUNCTION; FUNCTION is after(e1,e2: Event): BOOLEAN; RETURN ((e2.event time point.present e2.event time point.past) <= e1.event time point.past); END FUNCTION; END SCHEMA; ards VHDL Mo del age: 48 ECIP2/UM/008-1 22-10-92 ENTITY microsecond SUBTYPE OF(Time value); END ENTITY; ENTITY millisecond SUBTYPE OF(Time value); END ENTITY; ENTITY second SUBTYPE OF(Time value); END ENTITY; ENTITY minute SUBTYPE OF(Time value); END ENTITY; ENTITY hour SUBTYPE OF(Time value); END ENTITY; -- is equal, is less, is greater, time diff, time add -- have to be defined to work with Time values ENTITY Event; event time point: Time point; DERIVE event time: Time value := event time point.time; END ENTITY; ENTITY Time point; past: SET OF Event; present: SET [1: ?] OF Event; time: Time value; WHERE valid Time value: is greater(time,time start) OR is equal(time,time start); directional_time: present past []; event ordering: QUERY(e <* past is less(e.event time,time) OR is equal(e.event time,time)) past; -- events with the same event time can be contained in both -- the present and the past of the time point END ENTITY; RULE unique_present FOR (Time_point, Event); WHERE ards VHDL Mo del age: 47 ECIP2/UM/008-1 22-10-92 ENTITY simulation process; simulation: SET OF simulation slice; architecture: device architecture; WHERE initial_state: SIZEOF(QUERY(sl <* simulation NOT EXISTS(sl.previous) )) 1; -- there is only on simulation slice with previous simulation -- cycle undefined simulation membership: SIZEOF(QUERY(sl <* simulation sl.architecture :<>: architecture)) 0; simulation flow: QUERY(sl <* simulation SIZEOF(QUERY(slp <* simulation sl.current :=: slp.previous)) 1) simulation; END ENTITY; END SCHEMA; 4.4 Time lev el mo del SCHEMA Time Schema; CONSTANT time start: time type:= 0; END CONSTANT; TYPE time type INTEGER; END TYPE; ENTITY Time value ABSTRACT SUPERTYPE OF (ONEOF (fentosecond,picoseco nd,nano second, microsecond,millisec ond,sec ond,minu te,hour )); time: time unit; END ENTITY; ENTITY fentosecond SUBTYPE OF(Time value); END ENTITY; ENTITY picosecond SUBTYPE OF(Time value); END ENTITY; ENTITY nanosecond SUBTYPE OF(Time value); END ENTITY; ards VHDL Mo del age: 46 ECIP2/UM/008-1 22-10-92 signal drivers current value constraint: notdefined; -- function (* for each signal status IN current.signals for each IN s.drivers d.current value if is type of(d,’signal driver’) then s’.effective value where s’ IN current.signals such that s’.target signal :=: d.source else if s.active signal && earliest time(d.waveform) current.event time then earliest value(d.waveform else d’.current value where s’ IN prev_cycle.signals && d’ IN s’.drivers, is type of(d’,’process driver’), such that s’.target signal :=: s.target signal && d’.source :=: d.source (same driving process) *) new wait transactions constraint: SIZEOF(QUERY(new wt <* new waits SIZEOF(QUERY(wt <* prev_cycle.satisfie waits wt.source :=: new wt.source)) 1)) SIZEOF(new waits); (* let new waits be current.wait transactions prev_cycle.wait transactions then for each IN new waits there must exist one t’ IN prev_cycle.satisfie waits with t’.source :=: t.source (a new wait transaction must have cause which is previous wait satisfied transaction from the same process) *) old satisfied waits are discarded: SIZEOF(prev_cycle.t ransact ions.sa tisfied waits current.transaction s.wait transactions) 0; non satisfied waits are preserved: (prev_cycle.wait transactions prev_cycle.satisfi ed waits) <= current.wait transactions; END ENTITY; ards VHDL Mo del age: 45 ECIP2/UM/008-1 22-10-92 DERIVE prev_cycle: simulation_cycle:= NVL(previous, init_cycle); -- prev_cycle:= IF EXISTS(previous) THEN previous ELSE init_cycle -- init_cycle is constant which describes the initial state of -- the simulation process. new waits: SET OF wait transaction:= current.wait transactions previous.wait transactions; WHERE cycles are ordered: is next(current,prev_ cycle); cycles belong to the same architecture: (current.architectu re :=: architecture) AND (prev_cycle.archite cture :=: architecture); effective values constraint: notdefined; -- function (* for each signal status IN current.signals s.effective value if s.active signal && s.earliest value.time current.event time then if target signal.resolved then s.resolving transaction.effe ctive result else s.earliest value.projected value else s’.effective value where s’ IN prev_cycle.signa ls such that s’.target signal :=: s.target signal *) signal drivers waveform constraint: notdefined; -- function (* for each signal status IN current.signals for each IN s.drivers such that is type of(d,’process driver’) let s’ IN prev_cycle.sign als && d’ IN s’.drivers, is type of(d’,’process driver’), such that s’.target signal :=: s.target signal && d’.source :=: d.source the tuple (d.waveform, d’.waveform, d’.waveform extension) must satisfy the constraint SD from section *) ards VHDL Mo del age: 44 ECIP2/UM/008-1 22-10-92 wt.cycle.architec ture :=: architecture)) SIZEOF(wait transactions); -- for any wt IN wait transactions: is next(cycle,wt.cycle -- (all wait transactions from this cycle were generated in the past) wait transactions constraint: SIZEOF(QUERY(wt <* wait transactions SIZEOF(QUERY(p <* architecture.processes :=: wt.source)) 1)) SIZEOF(wait transactions); -- there must exist exactly one source process for each wait -- transaction assign transaction cycle membership constraint: SIZEOF(QUERY(t <* assign transactions t.cycle :=: SELF)) SIZEOF(assign transactions); -- all assign transactions must belong to the same simulation -- cycle and due to the architecture constraint from the -- process transaction both the target signals and the driving -- processes belong to the simulated architecture assign transactions constraint: SIZEOF(QUERY(at <* assign transactions SIZEOF(QUERY(swt <* satisfied waits swt.source :=: at.source)) 1)) SIZEOF(assign transactions); -- for any at IN assign transactions: -- there exists one swt IN satisfied waits with -- swt.source :=: at.source -- (each assign transaction is the effect of executing the -- process associated with satisfied wait transaction) signal states cardinality constraint: SIZEOF(signals) SIZEOF(architec ture.sig nals); -- all signals in the architecture must have signal states -- in the current cycle END ENTITY; ENTITY simulation slice; previous: OPTIONAL simulation_cycle; current: simulation_cycle architecture: device_architectur e; ards VHDL Mo del age: 43 ECIP2/UM/008-1 22-10-92 delay wait transactions: SET OF delay wait transaction:= QUERY(t <* transactions is type of(t,’delay wait transaction’)); satisfied waits: SET OF wait transaction:= compute satisfied waits(wait transactions,cycle) -- satisfied waits:= -- swt IN wait transactions such that -- is type of(swt,’signal wait transaction’) && -- (NOT EXISTS(swt.cond ition) || swt.condition) && -- swt.wait for signals <= cycle.modified signals -- || -- is type of(swt,’delay wait transaction’) && -- swt.due time cycle.event time event time: Time value:= min time(active signals,delay wait transactions); -- The cycle starts either when new effective values are forced -- on signals, or when delay wait transaction are satisfied. It -- depends on which from the mentioned events comes first. INVERSE curr slice: simulation slice FOR current; next slice: simulation slice FOR previous; -- there are two simulation slices: -- one in which SELF plays the role of current -- other in which SELF plays the role of previous WHERE simulation flow constraint: is next(next slice.current,SELF ); -- the current cycle of the next simulation slice is next -- (in time) to SELF (redundant according to the cycles are ordered -- constraint from simulation slice entity) non idle cycle: SIZEOF(active signals) SIZEOF(satisfied waits) 0; -- There must be at least some awaken processes or some signals -- to be updated wait transactions time constraint: SIZEOF(QUERY(wt <* wait transactions is next(SELF,wt.cycl e) AND ards VHDL Mo del age: 42 ECIP2/UM/008-1 22-10-92 -- where the value of signal returns the effective value the -- target signal had in the previous simulation cycle INVERSE cycle: simulation cycle FOR signals; WHERE architecture membership constraint: target signal IN cycle.architecture. signals -- signal status must refer signal from the simulated architecture drivers cardinality constraint: SIZEOF(drivers) SIZEOF(target signal.sources); -- the number of drivers the number of driven signal sources type constraint: effective value.value type signal type(target signal); resolving constraint: NOT target signal.resolved OR EXISTS(signal resolving); -- signal resolving must exist only if target signal.resolved is TRUE END ENTITY; END SCHEMA; 4.3 Sim ulation lev el mo del SCHEMA Simulation Schema; REFERENCE FROM Structure Schema; REFERENCE FROM Behaviour SCHEMA; REFERENCE FROM Time Schema; ENTITY simulation cycle SUBTYPE OF (Event); architecture: device architecture; assign transactions: SET OF assign transaction; wait transactions: SET OF wait transaction; signals: SET OF signal status; DERIVE active signals: SET OF signal:= QUERY(s <* signals s.active signal); modified signals: SET OF signal:= currently modified signals(signals); -- ss.target signal ss IN signals, ss.signal event ards VHDL Mo del age: 41 ECIP2/UM/008-1 22-10-92 ENTITY resolving transaction SUBTYPE OF (process transaction); effective parameters: SET OF all signal driver; effective result: signal value; DERIVE father: computation template:= owner.target signal.resolving function; INVERSE owner: signal status FOR signal resolving; WHERE effective parameters constraint: effective parameters owner.drivers; effective result constraint: effective result.projected value.value type signal type(owner.target signal); -- The following proposition can be proved: -- owner.drivers agree source and current value.value type -- with father.parameters END ENTITY; ENTITY signal status; target signal: signal; effective value: signal value; -- the current signal value is effective value.projected value signal resolving: OPTIONAL resolving transaction; drivers: SET OF all signal driver; DERIVE active signal: BOOLEAN:= SIZEOF(QUERY(sd <* drivers is type of(sd,’process driver’) AND SIZEOF(sd.wavefo rm) 0)) 0; earliest value: value transaction:= min Time value(drivers); -- is the earliest projected value due to occur in one of the signal -- waveforms (if driven by process) signal event: BOOLEAN:= value of signal(target signal, cycle.curr slice.previous.signal s) :<>: effective value; ards VHDL Mo del age: 40 ECIP2/UM/008-1 22-10-92 -- waveform extension as.assigned values -- as IN owner.cycle.tra nsaction s.assig transactions -- as.target signal owner.target signal waveforms: SET OF value transaction:= waveform waveform extension; WHERE architecture membership constraint: source IN owner.target signal.architecture. process es; waveforms component membership: SIZEOF(QUERY(vt <* waveforms (vt.father.target signal :=: owner.target signal) AND (vt.father.source :=: source))) SIZEOF(waveforms) -- for any vt IN waveform waveform extension: -- vt.father.target signal :=: owner.target signal && -- vt.father.source :=: source correctness constraint: notdefined; -- signal waveform must be consistent according to -- restriction SD from section waveform component type constraint: notdefined; -- for any vt IN waveform, -- if owner.target signal.resolved -- then vt.projected value.value type p.parameter type, -- where IN owner.target signal.resolving function.parameters -- such that p.source :=: source -- else vt.projected value.value type -- signal type(owner.target signal) -- The following propositions can be proved: -- (a) for any vt IN waveform extension -- if owner.target signal.resolved -- then vt.projected value.value type p.parameter type, -- where IN owner.target signal.resolving function.parameters -- such that p.source :=: source -- else vt.projected value.value type -- signal type(owner.targ et signal) -- (b) source IN owner.target signal.process sources END ENTITY; ards VHDL Mo del age: 39 ECIP2/UM/008-1 22-10-92 WHERE type constraint: father.assign type :=: projected value.value type; END ENTITY; ENTITY all signal driver ABSTRACT SUPERTYPE OF (ONEOF (process driver, signal driver)); current value: signal value; -- obeys the constraints specified in simulation cycle entity INVERSE owner: signal status FOR drivers; END ENTITY; ENTITY signal driver SUBTYPE OF (all signal driver); -- this entity is used to stand for the effective value -- of signal connected to another signal source: signal; -- there are no waveforms associated WHERE architecture membership constraint: source IN owner.target signal.architecture. process es; source membership constraint: source IN owner.target signal.sources; -- The following proposition holds: -- if owner.target signal.resolved -- then current value.value type p.parameter type, -- where IN owner.target signal.resolving function.parameters -- such that p.source :=: source -- else current value.value type signal type(owner.target signal) END ENTITY; ENTITY process driver SUBTYPE OF (all signal driver); source: process; waveform: SET OF value transaction; -- the current cycle waveform DERIVE waveform extension: SET OF value transaction:= assigned values(owner.target signal, owner.cycle.assi gn transactions); ards VHDL Mo del age: 38 ECIP2/UM/008-1 22-10-92 TYPE signal assign mode ENUMERATION OF (transport,inertial) END TYPE; ENTITY assign transaction SUBTYPE OF (process transaction); target signal: signal; assign type: signal value; -- the type of values assigned to signal assign mode: signal assign mode; -- transport, inertial sequence no: INTEGER; assigned values: SET OF value transaction; UNIQUE label:sequence no; WHERE positive sequence no: sequence no 0; target signal membership constraint: target signal IN source.controlled signals; transaction source constraint: source IN target signal.process sources; correctness constraint: notdefined; -- correctness constraint for assigned values -- (see the restriction VT from section 2) type constraint: notdefined; -- if target signal.resolved -- then assign type p.parameter type -- where is IN target signal.resolving function.parameter -- such that p.source source -- else assign type signal type(target signal) END ENTITY; ENTITY value transaction; projected value: signal value; delay: Time value; DERIVE due time: Time value:= time add(father.cycle.e vent time,delay); INVERSE father: assign transaction FOR assigned values; ards VHDL Mo del age: 37 ECIP2/UM/008-1 22-10-92 ENTITY process transaction ABSTRACT SUPERTYPE OF (ONEOF (wait transaction, assign transaction, resolving transaction)); source: process; cycle: simulation cycle; WHERE source membership: source IN cycle.architecture.p rocesse s; -- the transaction must be generated by process from the -- simulated architecture END ENTITY; ENTITY wait transaction SUPERTYPE OF (ONEOF (delay wait transaction, signal wait transaction)) SUBTYPE OF (process transaction); END ENTITY; ENTITY signal wait transaction SUBTYPE OF (wait transaction); wait for signals: SET OF signal; condition: OPTIONAL BOOLEAN; WHERE there is something to wait for: EXISTS(condition) OR SIZEOF(wait for signals) 0; membership constraint: wait for signals <= source.sensitivity -- therefore, implicitly, -- for each IN wait for signals s.architecture :=: -- source.architecture END ENTITY; ENTITY delay wait transaction SUBTYPE OF (wait transaction); delay: Time value; DERIVE due time: Time value:= time add(cycle.event time,delay); END ENTITY; ards VHDL Mo del age: 36 ECIP2/UM/008-1 22-10-92 ENTITY port ABSTRACT SUPERTYPE OF (ONEOF(local port,actual port)) SUBTYPE OF (signal, signal source, port template); is source, is acceptor: BOOLEAN; END ENTITY; ENTITY local port SUBTYPE OF (port); DERIVE is source: BOOLEAN:= direction IN [out,inout,buffer]; is acceptor: BOOLEAN:= direction input; END ENTITY; ENTITY actual port SUBTYPE OF (port); DERIVE is source: BOOLEAN:= direction input; is acceptor: BOOLEAN:= direction IN [out,inout,buffer]; END ENTITY; ENTITY local signal SUBTYPE OF (signal); WHERE local signal sources constraint: SIZEOF(QUERY(s <* signal sources is type of(s,’port’))) SIZEOF(signal sources); -- signal sources of local signal can be only ports END ENTITY; END SCHEMA; 4.2 Beha viour lev el mo del SCHEMA Behaviour Schema; REFERENCE FROM Type Schema; REFERENCE FROM Structure Schema; REFERENCE FROM Simulation Schema; REFERENCE FROM Time Schema; ENTITY signal value; value type: data type; -- current value: data type value; -- it is not at all important since we are only modelling END ENTITY; ards VHDL Mo del age: 35 ECIP2/UM/008-1 22-10-92 ENTITY signal ABSTRACT SUPERTYPE OF (ONEOF (local signal, port)) SUBTYPE OF (data type); resolving function: OPTIONAL computation template; architecture: device architecture; DERIVE process sources: SET OF process:= QUERY(p <* architecture.pr ocesses SELF IN p.controlled signals); signal sources: SET OF signal:= QUERY(s <* architecture.si gnals SIZEOF(QUERY(c <* architecture.connectio ns (s :=: c.source) AND (c.target :=: SELF))) 1); sources: SET OF signal source:= signal sources process sources; resolved: BOOLEAN:= (SIZEOF(sources) 1) OR EXISTS(resolving function); -- resolving function can exist even no. of sources 1, -- being used to convert the type of the signal value. WHERE resolving type constraint: notdefined; -- NOT resolved || resolving function.result type signal type(SELF); resolving sources constraint: notdefined; (* NOT resolved || SIZEOF(QUERY(sr <* sources SIZEOF(QUERY(srp <* resolving function.parameters srp :=: sr)) 0)) SIZEOF(sources); -- resolved => -- for each IN sources, -- there must exist param IN resolving function.parameters, -- such that param.source source *) resolving function constraint: (SIZEOF(sources) 1) OR EXISTS(resolving function); -- the sources type constraints are inferred from the constraints in: -- connection and process entities END ENTITY; ards VHDL Mo del age: 34 ECIP2/UM/008-1 22-10-92 is type of(s,’port’) && s.is source)) SIZEOF(sensitivity signals); -- sensitivity can be only local signals, and source ports *) consulted signals constraint: notdefined; (* SIZEOF(QUERY(s <* consulted signals is type of(s,’local signal’) || is type of(s,’port’) && s.is source)) SIZEOF(consulted signals); -- consulted signals can be only -- local signals and source ports *) signals membership constraint: all signals <= architecture.signals; -- all signals mentioned must belong to the -- architecture which contains the process END ENTITY; ENTITY parameter; -- resolving function parameter template source: signal; parameter type: data type; END ENTITY; ENTITY computation template; -- resolving function template parameters: SET OF parameter; result type: data type; INVERSE owner: signal FOR resolving function; WHERE cardinality constraint: SIZEOF(parameters) SIZEOF(owner.signal sources) SIZEOF(owner.process sources); END ENTITY; ENTITY signal source ABSTRACT SUPERTYPE OF (ONEOF (port, process)); END ENTITY; ards VHDL Mo del age: 33 ECIP2/UM/008-1 22-10-92 target sources constraint: source IN target.sources; type constraint: notdefined; (* target.resolved && (signal type(source) signal type(p.signal), IN target.resolving function.parameters with p.source :=: source) || NOT target.resolved && signal type(source) signal type(target); -- source type must agree with the target type *) END ENTITY; ENTITY process; controlled signals: SET OF signal; sensitivity signals: SET OF signal; consulted signals: SET OF signal; DERIVE all signals: SET OF signal:= controlled signals sensitivity signals consulted signals; INVERSE architecture: device architecture FOR processes; WHERE controlled signals constraint: notdefined; (* SIZEOF(QUERY(s <* controlled signals is type of(s,’local signal’) || is type of(s,’port’) && s.is acceptor)) SIZEOF(controlled signals); -- controlled signals can be only local signals and -- acceptor ports *) sensitivity signals constraint: notdefined; (* SIZEOF(QUERY(s <* sensitivity signals is type of(s,’local signal’) || ards VHDL Mo del age: 32 ECIP2/UM/008-1 22-10-92 INVERSE owner device: device FOR architectures; WHERE signal architecture constraint: SIZEOF(QUERY(s <* signals s.architecture :=: SELF)) SIZEOF(signals); actual ports constraint: notdefined; -- actual port[i] and owner device.ports[i] must agree as type -- and direction and SIZEOF(actual ports) SIZEOF(owner device.ports) ports constraint: SIZEOF(QUERY(s <* ports SIZEOF(QUERY(c <* connections (c.source :=: s) OR (c.target :=:s))) 0)) SIZEOF(ports); -- all ports must be connected END ENTITY; ENTITY connection; source,target: signal; INVERSE architecture: device architecture FOR connections; WHERE self connection constraint: source :<>: target; source constraint: notdefined; (* is type of(source,’port’) && source.is source || is type of(source,’local signal’); *) target constraint: (is type of(target,’port ’) AND target.is acceptor) OR is type of(target,’loca signal’); local local signal constraint: NOT (is type of(source,’local signal’) AND is type of(target,’local signal’)); membership constraint: (source IN architecture.si gnals) AND (target IN architecture.si gnals); ards VHDL Mo del age: 31 ECIP2/UM/008-1 22-10-92 ENTITY device; library: design library; ports: SET OF port template; architectures: SET OF device architecture; WHERE -- library membership constraints END ENTITY; ENTITY component; instance: device; behaviour: device architecture; library: design library; ports: SET OF local port; INVERSE architecture: device architecture FOR components; WHERE behaviour constraint: behaviour IN instance.architectur es; ports constraint: notdefined; -- ports[i] and instance.ports[i] must agree as type and -- direction and SIZEOF(ports) SIZEOF(instance.por ts) -- for each local port of the component there is -- matching actual port in instance.actual ports -- library membership constraints END ENTITY; ENTITY device architecture; local signals: SET OF local signal; actual ports: SET OF actual port; processes: SET OF process; components: SET OF component; connections: SET OF connection; DERIVE local ports: SET OF local port:= compute local ports(components ); ports: SET OF port:= compute ports(local ports,actual ports); signals: SET OF signal:= compute signals(local signals,ports); ards VHDL Mo del age: 30 ECIP2/UM/008-1 22-10-92 The VHDL outline mo del The follo wing is prelimin ary mo del of VHDL at the lev els of structure, eha viour, sim ulation and time. The mo del is not mean to complete. It rather outlines in su�cien detail ideas of the VHDL eha viour can mo delled and ho suc mo del can in terrelated with structural mo del of VHDL. Moreo er, the presen ted mo del do not tac kle the computational asp ects of VHDL. or exam- ple, the use of ariables, computation orien ted statemen ts (v ariable assignmen ts, conditionals, lo ops) and other algorithmic constructs are considered of marginal imp ortance as far as the eha vioural mo delli ng of VHDL is concerned. Note that: in the mo del commen ts && and || stand for the wise ev aluating AND, resp ectiv ely OR op erators; the constrain ts whic are \notde�ned" will all co ded as functions. 4.1 Structure lev el mo del SCHEMA Type Schema; -- Data type valid conversions are stated at this level ENTITY data type; END ENTITY; END SCHEMA; SCHEMA Structure Schema; REFERENCE FROM Type Schema; FUNCTION is type of(e: GENERIC; type name: STRING): BOOLEAN; RETURN (type name IN TYPEOF(e)); END FUNCTION; ENTITY design library; END ENTITY; TYPE port direction ENUMERATION OF (input, out, inout, buffer); END TYPE; ENTITY port template SUBTYPE OF (data type); direction: port direction; END ENTITY; ards VHDL Mo del age: 29 ECIP2/UM/008-1 22-10-92 is imp ossibl since VT(vt) is true yp othesis and in addition if and e’ di�er in their sequence no. the enco ding of Rule 1. comes in to action. case a3) e,e’ IN sd => e,e’ => sd’ is imp ossible since SD(sd) is true yp othesis. b) Assume that there is IN sd’ whic do es not satisfy SD b) therefore there is e’ IN sd’ suc that SD b(e,e’) is false. case b1) e,e’ IN sd => e,e’ IN sd is imp ossible since sd satis�es SD yp othesis case b2) IN sd, e’ IN vt => e,e’ IN sd’ is imp ossible since applying recursiv ely the enco ding of Rule in function alue constrain t: IN sd and IN sd’ => e.t e’.t for all e’ IN vt and, in addition, is before(e.father.cyc le,e’.fa ther.cy cle) Therefore e,e’ satisfy SD case b3) IN vt, e’ IN sd => e,e’ IN sd’ is equiv alen to case (b2) case b4) e,e’ IN vt => e,e’ IN sd’ is imp ossible since VT(vt) is satis�ed and if e,e’ ha di�eren sequence no then if e.father.sequenc no e’.father.sequenc no then IN sd’ => e.t e’.t else IN sd’ => e.t e’.t therefore the restriction SD b(e,e’) is satis�ed th us con tradicting the yp othesis. There- fore cannot exist. ards VHDL Mo del age: 28 ECIP2/UM/008-1 22-10-92 SD is: let sd be signal waveform for signal s, produced by single source, for any IN sd a) for any e’ IN sd, e’ <> => e.t <> e’.t b) for any e’ IN sd, e’.t e.t => is after(e’.father. cycle,e .father .cycle) or is concurrent(e’.fa ther.cy cle,e.f ather.cy cle) and e’.father.sequen ce no >= e.father.sequenc no Restriction (a) sho ws that for eac time the signal efo rm can hold unique alue. Restriction (b) sho ws that sd cannot con tain elemen ts whic rule out other elemen ts. In addition to the ab constrain there is also necessary the follo wing restriction whic sho ws what is mean alid set of alue transactions generated signal assignmen statemen (the set of alue transactions the father of whic is giv en assign transaction). VT is: let vt be set of value transactions for signal for any e,e’ IN vt, e.father.sequence no <> e’.father.sequence no => e.t <> e’.t Proposition 3.1 Assume that: sd is signal eform suc that SD(sd) is satis�ed, vt is set of alue transactions whic satis�es VT and sd’ is signal pro duced from sd and vt according to the constrain ts SD then SD(sd’) is satis�ed, that is sd’ is correct signal efor m. The pro of is almost ob vious according to the constrain function alue constrain t. a) Assume that there is IN sd’ whic do es not satisfy SD therefore there is e’ IN sd’ with e’.t e.t case a1) IN sd, e’ IN vt => e,e’ IN sd’ or IN vt, e’ IN sd => e,e’ IN sd’ is imp ossible according to the enco ding of Rule of Algorithm 3.1 in alue constrain t. case a2) e,e’ IN vt => e,e’ IN sd’ ards VHDL Mo del age: 27 ECIP2/UM/008-1 22-10-92 Figure 13: alid signal efo rm e4 e5 (4,tc), (3,tc+1) and that the curren signal eform is e3 (1,tc+3) Apply the constrain SD for IN e1,e2,e3,e4,e5 according to an order of the set mem ers. or example assume the order for testing e2,e5,e4,e1,e3 value constraint(e2,1 ,3,e4,e 5,e1,e2, e3) is false since e2 is not valid on level (e3.t e2.t); value constraint(e5,1 ,3,e4,e 5,e1,e2, e3) is false since e5 is not valid on level (e5.t e1.t); e4 does not satisfy the time condition in the current cycle (next to prev cycle), therefore it will be past value; value constraint(e1,1 ,3,e4,e 5,e1,e2, e3) is false since e1 is not valid on level (e2.value != e1.value); value constraint(e3,1 ,3,e4,e 5,e1,e2, e3) is true since it holds on all levels. The function alue constrain is not constructor for the data yp signal efor m. It rather enco des an axiom whic states the constrain ts the constructor observ es. Ho ev er, the constrain SD is not su�cien for the soundness of the mo del. It has to accompanied signal eform constrain SD whic sho ws what is mean cor- rect signal efo rm and also restriction VT whic sho ws what is mean correct alue transaction. 3.6 Additional restrictions on signal eform and alue transactions The constrain SD orks prop erly only if the efor ms are correct. The follo wing restriction sp eci�es the correctness requiremen ts for eform (see �gure 13). ards VHDL Mo del age: 26 ECIP2/UM/008-1 22-10-92 Figure 12: An example of alue constrain application 3.5.2 An exam ple Consider the follo wing VHDL program fragmen t signal s: integer; P: process begin <= transport after 1; <= after 4; <= after 3; wait for s; end process P; Consider that in the prev cycle (the ev en time of whic is tc the ait transaction generated the \w ait for s" statemen is satis�ed. The pro cess resumes execution and generates the set of alue transactions sho wn in �gure 12. Consider that prev signal efor is ards VHDL Mo del age: 25 ECIP2/UM/008-1 22-10-92 boolean value constraint (e,min level,level,old transactions,new transactions) is Let level transactions:= e" e" IN new transactions and e".father.sequence no level; ef.t:= MIN e’.t; e’ IN level transactions -- Rule of the Algorithm 1: -- the current level value transactions are for sure in the -- projected waveform for the current level if IN level transactions then return true; -- Rule of the Algorithm 1: -- if occurs after the earliest value transaction on the current level -- then it cannot be in the projected waveform for the current level if e.t >= ef.t then return false; -- comes from the past; test if has not been wiped away in the -- past from the current projected transaction if level min level and not value constraint(e,level-1, old transactions,new transactions) then return false; if ef.father.mode is transport then return true; else -- ef is an inertial projected value if e.value != ef.value then return false; else -- Rules of Algorithm 1: -- for all e’ which are valid members of the projected -- transaction for the current level of new transactions and -- which, in time, are between and ef the value component -- of e’ must be equal to the value component of ef. for e’ IN old transactions new transactions do if e’.father.sequence no <= level and e.t e’.t and e’t ef.t and value constraint(e’,m in level,level, old transactions,new transactions) then if e’.value != ef.value then return false; return true; ards VHDL Mo del age: 24 ECIP2/UM/008-1 22-10-92 prev eform extension is the set of alue transactions for signal s, generated exe- cuting signal assignmen ts from within source triggered in the previous cycle satis�ed ait transaction. curren signal eform is the efo rm for signal in the curren sim ulation cycle, it is set of alue transactions for the source of whic is p. 3.5 Informal sp eci�cation of the eform relationship The relationship will sp eci�ed as constrain whic should observ the follo wing algorithm IE88 for computing new signal eform from an old signal eform according to an atomic alue transaction (ie. transaction whic is the e�ect of single signal assignmen statemen t) Algorithm 3.1 1. All old transactions (v alues) that are pro jected to ccur at or after the time of the earliest new transaction is pro jected to ccur are deleted from the pro jected output efor m. 2. The new transactions are then app ended to the pro jected output eform in the order of their pro jected ccurrence. |{ for inertial dela only |{ 3. All of the new transactions are mark ed. 4. An old transaction is mark ed if it immediately precedes mark ed transaction and its alue comp onen is the same as that of the mark ed transaction. 5. The transaction whic determines the curren alue of the eform is mark ed. 6. All unmark ed transactions (all of whic are old transactions) are deleted from the pro- jected output eform. 3.5.1 The eform constrain (C SD) Define max level= MAX e’.father.sequence no e’ IN prev waveform extension, and min level= MIN e’.father.sequence no e’ IN prev waveform extension. Then, for each IN prev signal waveform prev waveform extension IN current signal waveform only if satisfies: e.t prev cycle.event time and value constraint(e,min level,max level,s prev signal waveform, prev waveform extension). ards VHDL Mo del age: 23 ECIP2/UM/008-1 22-10-92 Figure 9: Sequen tial mo delli ng of signal assignmen ts Figure 10: Holistic mo delling of signal assignmen ts Figure 11: Relationship et een time adjacen signal eforms ards VHDL Mo del age: 22 ECIP2/UM/008-1 22-10-92 Figure 8: Mo di�cation of signal eform a) to mo del the sequen tial transformation of signal eform \to the letter" and there- fore to mo del explici tly eac atomic mo di�cation of the efo rm; b) to adopt holistic oin of view and hence to mo del the e�ect of mo difying signal eform all the con tributing alue transactions (w efor extension) generated in sim ulation cycle. The �rst approac is inelegan since it in tro duces arti�cial data structures (arra ys or lists) to capture the sequencing of assign transactions. Constrain ts can asserted et een item[i] item[i+1] of the data structure, considering that eac item holds the in termediate alue of the new signal eform and the atomic alue transaction generated single signal assign statemen t. In addition, there are particular oin ts for whic constrain ts ha to stated apart from the others: one is at the eginni ng of the data data structure (constrain ts et een old signal eform, item[1].value transaction and item[1].new signal waveform ), the other is at the \end" of data structure (constrain ts et een item[n].new signal waveform, item[n].value transaction and new signal efor m). That will cum ersome, although the constrain ts are straigh tforw ard. sc hemata of this approac for the example in �gure is illustrated in �gure 9. The second approac is elegan and more vivid from the mo delling oin of view. What is imp ortan in VHDL from the eha vioural oin of view is not what happ ens inside pro cess, or other round ho new pro jected eform is computed piecewise, but rather the global e�ect of pro cess execution on the old signal eform Ho ev er, the constrain ts are more elab orate than in case (a). The second approac of mo delling is considered elo w. As already men tioned, ha to sp ecify the sensible constrain ts the curren signal eform has to satisfy when generated according to the previous signal efo rm and previous con tributing alue transactions. Notations prev cycle is the previous sim ulation cycle (it is an Ev en instance); prev eform is the efor for signal in the previous sim ulation cycle, it is set of alue transactions for pro duced single signal source p; ards VHDL Mo del age: 21 ECIP2/UM/008-1 22-10-92 In addition to the ab relationships there is di�cult one. Assume that is pro- cess driv er with the source (a pro cess) and target signal in the previous sim ulation cycle and d’ the pro cess driv er with the same source and target signal in the cur- ren sim ulation cycle. The relationship is et een d.waveform, d.waveform extension and d’.waveform The relationship sho ws whic prop erties d’.waveform value transactions ust ob ey so that d’.waveform is righ successor of d.waveform d.waveform extension Note that for \computing" the curren eform the previous efor extension is used. Indeed, the time lo cation of the curren cycle can determined only if the curren efo rms are stable (ie. they do not hange during the cycle). Therefore the eform extensions cannot used in the same cycle they ere pro duced in to mo dify the lo cal (in time) efo rms. Additional relationships are: or eac pro cess driv er the curren alue dep ends on the curren alue the driv er had in the previous sim ulation cycle and the earliest ending driv er alue transaction. or eac signal driv er the curren alue is the e�ectiv alue of its source signal. for each signal status IN current cycle.signals for each IN s.drivers d.current value if is type of(d,’signal driver’) then s’.effective value where s’ IN current cycle.signals such that s’.target signal d.source else if s.active signal and earliest time(d.waveform) current cycle.event time then earliest value(d.waveform) else d’.current value where s’ IN previous cycle.signals and d’ IN s’.drivers, is type of(d’,’process driver’), such that s’.target signal s.target signal and d’.source d.source (same driving process) 3.4 e form relationships This subsection deals with the di�cult relationship et een the previous and the curren e- forms of pro cess driv er. It is assumed that eforms are related to �xed source and tar- get signal. or simplicit it is also assumed that eform con tains pro jected alue transactions (pairs) of the form (signal alue, ccurrence time) whic can ossibly ccur in the future. The efor is mo di�ed when new alue transactions are generated as e�ect of executing signal assignmen statemen ts th us buildi ng up eform extension. Since the VHDL mo del is static view of dynamic pro cess the execution of an assignmen statemen is mo delled means of an assign transaction. An assign transaction acts as father of one or more alue transactions mo delli ng in this the cause e�ect relationship et een assignmen ts and alue transactions. If stic to the sequen tial seman tics of VHDL, the mo di�cations of signal efor are sequenced according to the sequence of con tributing assignmen statemen ts executed in the same sim ulation cycle. ma jor decision is ab out the the VHDL mo del captures this sequencing. There are main ossibili tie s: ards VHDL Mo del age: 20 ECIP2/UM/008-1 22-10-92 An assign transaction ust the e�ect of executing pro cess whic just ecome activ due to satis�ed ait transaction: assign transaction\source IN processes, where processes= swt.source swt IN satisfied waits (3) previous wait transactions previous satisfied wait transactions -> current wait transactions or eac new ait transaction nwt ), in the set current cycle.wait transactions previous cycle.wait transactions, there ust at exist satis�ed ait swt in the previous ait transactions suc that swt.source nwt.source Therefore oth transactions ha the same source pro cess. The swt is the cause of nwt The set of satis�ed aits from the previous sim ulation cycle is not includ ed in the set of ait transactions from the curren sim ulation cycle. The non-satis�ed ait transactions from previous sim ulation cycle are include in the set of curren sim ulation cycle ait transactions. (4) previous effective value current drivers -> current effective value The e�ectiv alue of signal status dep ends on alue the signal status had in the previous sim ulation cycle and on the curren driv ers of the signal status. It also dep ends on whether or not the signal is resolv ed. for each signal status IN current cycle.signal states s.effective value if s.active signal and -- there are pending waveforms s.earliest value.time current cycle.event time then if target signal.resolved then s.resolving transaction.effective result else s.earliest value.projected value else s’.effective value where s’ IN previous cycle.signals such that s’.target signal s.target signal where the earliest alue is the earliest sc heduled alue transaction out of the curren sets of signal eform s. (5) previous process driver waveform previous process driver waveform extension -> current process driver waveform ards VHDL Mo del age: 19 ECIP2/UM/008-1 22-10-92 Figure 7: Ma jor eha vioural relationships 3.3.3 Concept relationships at the sim ulation lev el The basic relationships et een the concepts at the sim ulation lev el are illustrated sc hematically in �gure 7. As sho wn, there are kinds of relationships: in ter-cycle and in tra-cycle (lo cal) all of them eing more or less cause e�ect dep endenci es. Ob viously there are additional dep endenci es at other mo del lev els. In what follo ws the form ulae lik -> stand for cause- e�ect relationship et een and ie. is the effect of sim ulation cycle starts either: at the earliest due time of endin alue transactions (out of the erall pro jected set of alue transactions) or at the earliest due time of ending dela ait transactions. or an ait transaction there ust exist exactly one source pro cess in the sim ulated device arc hitecture. (1) current signal events -> current satisfied signal wait transactions Eac satis�ed signal ait transaction swt ust ha cause whic is signal status ss suc that the e�ectiv alue of ss has hanged and ss.target signal IN swt.wait for signals (2) current satisfied wait transactions -> current assign transactions ards VHDL Mo del age: 18 ECIP2/UM/008-1 22-10-92 3.3.2 Concept in ter-relationships at the eha vioural lev el The cause of pro cess transaction is the execution of pro cess (source) whic is mem er of the sim ulated device arc hitecture: process transaction\source IN process transaction\cycle.ar chitectu re.proc esses Therefore, the device arc hitecture the pro cess transaction elongs indirectl to is the sim u- lated device arc hitecture. The target signal of an assign transaction ust in the set of con trolled signals of the pro cess whic generated the assign transaction: assign transaction\target signal IN assign transaction\source.co ntrolled signals The source of an assign transaction (a pro cess) ust mem er of the set of pro cess sources of the assign target signal: assign transaction\source IN assign transaction\target signal.process sources The signals signal ait transaction aits for ust elong to the sensitivit signals of the pro cess whic caused the transaction to ccur: signal wait transaction\wait for signals <= signal wait transaction\source. sensiti vity signals dela ait transaction ust ccur in the curren sim ulation cycle or in future cycle: is greater(delay wait transaction\due time, delay wait transaction\cycle.even time) The due time of alue transaction (the e�ect of \father" assign transaction) ust greater than the curren sim ulation cycle time: is greater(value transaction\due time, value transaction\father. cycle.e vent time) or eac pro cess driv er/signal driv er of target signal comp onen the pro cess/signal whic driv es the comp onen ust elong to same device arc hitecture as the target signal. The tar- get signal is an indirect attribute of the pro cess driv er/ signal driv er, seen through the \o wner" of the pro cess driv er whic is signal status concept. driver\source IN driver\owner.target signal.architect ure.pro cesses where driv er stands for either pro cess driv er or signal driv er. or the dynamic concepts (suc as pro cess transactions and signal states) there are relation- ships et een those concepts and the sim ulation cycle they are sc heduled to ccur at. These relationships are either explici or implic it (sp eci�ed means of attributes with sp ecial prop- erties) ards VHDL Mo del age: 17 ECIP2/UM/008-1 22-10-92 3.3 Basic relationships et ee the mo del concepts Concept relationships can categorised in the follo wing ma jor classes: static relationships (usually mem ership and yp consistency dep endenci es); cause effect relationships whic help mo dellin the eha viour. time ordering relationships whic anc hor the cause e�ect dep endenci es. Usually static relationships are concen trated at the structure lev el, while cause e�ect and time ordering relationships are found at the eha viour and sim ulation lev els. It is imp ortan to note that there are implici relationships sp eci�ed via the concepts’ at- tributes. or example, alue transaction cannot exist unless it app ears as mem er in set of alue transactions of the alue transaction father whic is an assign transaction. This implici relationship is cause e�ect one. It sa ys that alue transaction is the e�ect of an as- sign transaction. In what follo ws only the most imp ortan explici relationships are men tioned. yp orien ted relationships are completely omitted. They app ear only in the outline mo del giv en in section 4. 3.3.1 Concept relationships at the structure lev el The relationships et een the structure lev el concepts address mainly the device arc hitecture mem ership. The problem is to mak sure that all pieces put together to build new concept are the righ ones from the sim ulated device oin of view. All signals used pro cess ust elong to the device arc hitecture whic wns the pro cess. Note that in the mo del device arc hitecture con tains, esides the lo cal signals and lo cal comp onen orts, the orts of the device the arc hitecture elongs to. process\all signals <= process\architecture .signal If pro cess con trols signal then the pro cess ust source of that signal: process IN process\control led signal.sources In connection oth the source and the target signals ust elong to the same de- vice arc hitecture: connection\source IN connection\architec ture connection\target IN connection\architect ure In addition, the source signal of connection ust mem er of the signal sources of the target signal: connection\source IN connection\target.si gnal sources ards VHDL Mo del age: 16 ECIP2/UM/008-1 22-10-92 Figure 5: The structure of sim ulation cycle Figure 6: Sim ulation slices satisfied waits signal ait transactions and dela transactions just satis�ed in the curren sim ulation cycle; non satisfied wait transactions whic will propagate to the next sim ulation cycle (together with the newly pro duced ait transactions); assign transactions generated in the curren sim ulation cycle as the e�ect of resuming the pro cesses whic ha een aiting for the satis�ed aits. Simulation slice is pair of time erlapping ev en ts (cycles),as sho wn is �gure 6. It bundles the curren sim ulation cycle and the previous sim ulation cycle. The sim u- lation slice is an arti�cial concept to help expressing in ter-cycle concepts’ relationships. or example, the cause e�ect relationship et een previous satis�ed aits and newly generated ait transactions. Simulation is set of ell eha ed (in time) sim ulation slices. The sim ulation concept is used to capture the o of the VHDL sim ulation pro cess. ards VHDL Mo del age: 15 ECIP2/UM/008-1 22-10-92 signal driv er if the comp onen source is another signal, the comp onen is con- nected to. pro cess driv er clusters: the curren signal comp onen eform (made up of set of alue transactions gen- erated in previous sim ulation cycles); the eform extension, made up of alue transactions generated as e�ect of as- sign transactions in the curren sim ulation cycle. the curren comp onen alue. signal driv er con tains only the e�ectiv alue of the source signal (v alue is considered, righ tfully inferred from the source signal status). Signal status designates the status of signal in the curren sim ulation cycle. It is haracterised the: the signal status sim ulation cycle; the target signal; the signal driv ers (one for eac signal source); the e�ectiv alue of the signal (at the curren cycle); the signal ev en t. It said that there is an ev en on the signal if the e�ectiv alue of the target signal really has hanged from the previous sim ulation cycle. Resolving transaction stands for the action of calling the resolving function for resolv ed signal. The result is not imp ortan t. Only the relationship et een the resolv ed signal e�ectiv alue and the alue of the resolving transaction matters. In turn, the relationship et een the resolving computation template and the actual call parameters in the resolving transaction (from the yping oin of view) is also imp ortan t. 3.2.3 Concepts at the sim ulation lev el As already stated, is assumed that VHDL eha viour sim ulation precess is divided in to sim ulation cycles, as sho wn in �gure 5. Cycles are successiv in time. Eac cycle con tains phases, from whic h, the �rst one the \signal propagation phase" can missing. The propag phase has the aim to force new e�ectiv alues on signals according to the pro- jected eforms and to infer signal ev en t (whic signals ha really hanged their alues). The pro cess phase is mean to resume pro cesses aiting for some signal/condition ev en ts or dela ed pro cesses to ful�lle d. The mo del assumes that the propag phase is done instan taneously at the start of the curren cycle and the pro cessing of ait transactions is concurren t. Simulation cycle is an ev en whic clusters: cycle pro cess transactions; signal states. In turn, the pro cess transactions, can sub divided in to: ards VHDL Mo del age: 14 ECIP2/UM/008-1 22-10-92 assign transaction represen ts the e�ect of executing signal assignmen state- men from an activ pro cess. It easy to see that pro cess can generate sev eral assign transactions for the same sim ulation cycle. An assign transaction is harac- terised a: target signal; source (the pro cess whic executed the assignmen statemen t); set of alue transactions; sequence no; dela mo de. The sequence um er of an assign transaction is necessary to capture the order the signal assign statemen ts ere executed their wner pro cess. The sequence no of an assign transaction pla ys an imp ortan role in mo delling the con tribution the assign transaction is supp osed to mak to the alue of the target signal. The dela mo de (one out of transp ort and inertial) �xes the rules whic the con tribution of the assign transaction will tak e�ect. The asso ciation signal alue transaction is one to man from di�eren oin ts of view. First signal, if it is resolv ed, has sev eral sim ultaneous sources whic pro duce at least alue transaction for eac source. Second, eac source can pro duce sev eral ending alues (transactions) in the same sim ulation cycle, if the pro cess generates sev eral assign transactions for the same target signal. In order to classify the alue transactions in neat the assign transaction is tigh tly related to the concept of (signal) \driv er" explained in the sequel. Value transaction is tuple (target signal, source, signal value, occurring time) whic designates one of the alues the source-comp onen of the target signal migh ha in future sim ulation cycle. Note that for the same comp onen there can sev eral pro jected alues. Therefore eac target signal comp onen (driv en source) is harac- terised its curren alue and pro jected eform. The pro jected eform has to generated, according to sp eci�c rules, from the curren comp onen eform and the eform extension, giv en the set of new alue transactions pro duced executing signal assignmen statemen ts. waveform= (target signal, source, signal value, occurring time) source= fixed target signal= fixed The relationship et een the curren target signal eform and the new signal eform for eac source driv en comp onen of the signal, is of ma jor imp ortance for the mo delling of VHDL. discussion of that matter mak es the ob ject of the next section. Driver is an arti�cial concept whic stands for the curren and future status of signal comp onen (the only one or one out of man if the signal is resolv ed). driv er can e: pro cess driv er if the comp onen source is pro cess, and ards VHDL Mo del age: 13 ECIP2/UM/008-1 22-10-92 assign transactions actions whic result in the mo di�cation of signals alues; wait transactions actions whic corresp ond to the susp ension of pro cess either for giv en amoun of time or un til certain condition is met (for example, signal hanges its alue); By means of transactions pro cess can con trol set of signals (con trolled signals) and can dep end on some other signals (sensitivit signals). Resolving computation template is an imp ortan concept in VHDL whic can also placed at the structural lev el, although it is an abstract ob ject and its seman tics are not time dep enden t. In VHDL signal can receiv sev eral alues from di�eren sources at the same momen in time. In that case the signal is said to \resolv ed". The signal alue at that time is computed resolving function asso ciated with the signal. rom the mo delling oin of view, the structure of the resolving function is not imp ortan t. What matters is the \calling pattern" of suc function, whic sho ws the yp of the result (the e�ectiv signal alue) and the nature of the parameters: the signal source asso ciated with giv en parameter and the yp of the exp ected signal comp onen generated the source. template of that kind can used to sp ecify the constrain ts whic ha to met the sources and the result of resolv ed signal. 3.2.2 Concepts at the eha vioural lev el The main concepts at this lev el designate actions happ ening in time and ob jects whic can exist only during giv en time in terv al. All eha vioural transactions whic exist at giv en momen in time form an \ev en t whic is an instance of the concept called sim ulation cycle. The concepts clustered means of sim ulation cycles are: Process transaction transaction generated pro cess in the curren sim ula- tion cycle. Tw imp ortan prop erties are inherited all the concepts deriving from the pro cess transaction: the sim ulation cycle when the transaction as generated; the source of the transaction (the pro cess whic generated it). pro cess transaction can e: delay wait transaction an action the e�ect of whic is to susp end its source pro- cess for giv en amoun of time. Note that dela ait transaction can mem er of sev eral sim ulation cycles starting with the cycle in whic the transaction is generated and ending with the cycle when the transaction ceases to exist, resuming the sus- ended pro cess. The time lap et een the starting and the ending sim ulation cycle ev en ts is exactly the amoun of transaction aiting time. signal wait transaction is similar to dela ait transaction with the only dif- ference that the aiting condition can com bined: for set of ait for signals and/or alue \condition". The alue condition is pro cess lo cal condition whic is time indep en den and th us do es not need to made explici from the mo delling oin of view. Similarly signal ait transaction can liv through sev eral sim ulation cycles. ards VHDL Mo del age: 12 ECIP2/UM/008-1 22-10-92 Figure 4: Lev els of VHDL mo delling 3.2.1 Concepts at the structure lev el The follo wing en umeration of the mo del main concepts at arious mo dellin la ers will help in understanding the role of the static and dynamic mo del ob jects. Device stands for hardw are device pro vided with orts and the eha viour of whic is describ ed set of ossible \device arc hitectures". Device architecture stands for the eha vioural description of device. An arc hitec- ture uses: signals, comp onen ts, pro cesses and connections. Signal designates an electrical alue a ilable at device ort or generated pro- cess. Therefore signals are classi�ed in to ort signals (or simply orts) and lo cal signals. The set of signals of device arc hitecture includes, esides the comp onen orts and lo cal signals, the orts of the device the eha viour corresp onds to. Component designates an instance of device eing used lo cally within device arc hitecture. Connection stands for the connection of signals (either lo cal or orts) according to sp eci�c VHDL rules. Process is generator of transactions whic sp ecify the alues of signals and the erall curren status of the device. pro cess can pro duce: ards VHDL Mo del age: 11 ECIP2/UM/008-1 22-10-92 Figure 3: The VHDL mo dellin space device. ait transaction is the e�ect of executing ait statemen from within pro cess, in order to ait for some signals, as wait for in pro cess ab e, or for �xed time dela VHDL mo delli ng is based on the concept of simulation cycle cycle starts when pro- cesses ecome un blo ed, i.e when some ait transactions are satis�ed, for example when the signals they ait for hange their alues. cycle ends when the un blo ed pro cesses ecome blo ed and, therefore, after new signal assignmen ts are ev aluated and ait transactions are generated. Since ull dela ys are alid in signal assignmen ts, pro cesses aiting for suc signals can complete instan tly and, therefore, there can successiv cycles with the same time alue. The order of these cycles is correctly captured the time mo del. Successiv sim ulation cycles are paired in sim ulation slices. The simulation slice is tak en as base to sp ecify constrain ts et een ait transactions in successiv cycles whic h, in turn, are considered as sp eci�c ev en ts. 3.2 VHDL mo delling la ers The VHDL mo delling spans across sev eral la ers starting from the VHDL data yp es and structure of design and ending at the time mo del la er. The actual eha viour mo del is in et een structure and time la ers and encompasses the eha viour lev el and the sim ulation lev el as sho wn in �gure 4. It is in teresting that the yp and time lev els act as clustering referen tials of concept instances on the structure, eha viour and, resp ectiv ely sim ulation lev el. In structure, orts and signals are connected observing yp constrain ts. Similarly sim ulation cycles are ordered observing time constrain ts. Thinking of the mo del in terms of la ers helps not only to con trol inheren complexit but, it structures the concepts are referenced. eac la er the mo del captures relationships et een VHDL underlying concepts or sp ec- i�es lo cal constrain ts at the lev el of eac concept on the la er. The most imp ortan are concept relationships whic link concepts at the same lev el or di�eren lev els of mo delling. ards VHDL Mo del age: 10 ECIP2/UM/008-1 22-10-92 Hin ts on VHDL eha viour mo delling VHDL is in tended for use as standard hardw are design language in the micro electronic design comm unit It describ es general digital hardw are devices at an abstract lev el. The description is erformed at the eha vioural, timing and structural lev els. An abstract ev en t-driv en sim ulation mo del is used to de�ne the seman tics of the language constructs sp ecifying the they are ev aluated while the sim ulation pro cess unfolds. 3.1 The basic approac of VHDL eha viour mo delling In VHDL, the status of device dep ends on the states of its signals. In turn, the status of signal can mo di�ed concurren pro cesses lo cal to the device. pro cess can blo ed, aiting for some time dela to consumed or for some hange in the states of set of signals, or activ th us mo difying the signals of the device. The VHDL sample elo sp eci�es ery simple pro cess whic describ es an oscillator. The signal is complemen ted ev ery 20 nano- seconds. After eac signal assignmen <= (not s) after 20ns the pro cess is blo ed for 20ns aiting for to hange its alue. signal s: integer:= 0; P: process begin <= (not s) after 20ns; wait for s; end_process P; mo del the eha viour of pro cess and, in general, to mo del the time-dep enden e- ha vioural seman tics of VHDL the follo wing kinds of concept are necessary: Concepts whic stand for static (time indep end en t) VHDL ob jects suc as device, ort, signal and pro cess. Only the state of suc an ob ject can hange in time, not the ob ject itself. Concepts whic designate VHDL dynamic (time dep enden t) ob jects. These ob jects are abstract, suc as pro cess execution for example, and are divided in to transactions and states. transaction can lo ok ed at as represen ting the e�ect of an \executable" VHDL static ob ject (e.g pro cess and statemen t). state represen ts the hanging part of VHDL static ob ject. Therefore can sp eak of, for example, pro cess transactions and signal states. eac momen in time static ob ject of the mo del can asso ciated with di�eren dynamic ob jects. Therefore dynamic ob ject pla ys its role only at giv en momen in time. Static ob jects, dynamic ob jects (transactions and states), and time ev en ts are the axes of the three dimensional VHDL mo delling space, as illustrated in �gure 3. The eha viour of VHDL design is surface on this space. Mo delling VHDL eha vioural seman tics requires the sp eci�cation of relationships et een oin ts along the three axes so that transition from one oin on generic eha viour surface to another oin is alid one. There are man time dep enden relationships to mo del in VHDL. An example is the cause effect dep enden cy et een the ait transactions generated pro cesses elonging to ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 suspend ev en ts. or sp ecifying this ordering, it is not necessary to measure time nor to restrict the duration of ork samples. In the limit, ork sample can completed instan taneously Note, ho ev er, that there can concurren ork samples. ENTITY work_sample; activate,suspend: Event; WHERE activate_then_susp end: is_after(suspend ,activat e); END_ENTITY; ENTITY process SUBTYPE OF (signal_source) behaviour: SET OF work_sample; WHERE no_time_interleave check_interleave(be haviour) END_ENTITY; FUNCTION check_interleave (b: SET OF work_sample): BOOLEAN; LOCAL i: INTEGER; END_LOCAL; REPEAT i:= LOINDEX(b) TO HIINDEX(b) BY 1; IF QUERY(w <* (is_after(w.acti vate,b[ i].activ ate) AND is_before(w.act ivate,b [i].susp end))OR (is_after(w.susp end,b[i ].activa te) AND is_before(w.sus pend,b[ i].suspe nd))) <> [] THEN RETURN (FALSE); END_IF; END_REPEAT; RETURN (TRUE); END_FUNCTION; Considering that the ork samples con tain information describing the status of dynamic system, mo del of the eha viour of that system can built stating the appropriate rela- tionships et een status information in di�eren time-ordered ork samples. That is the case for VHDL eha viour mo delling, where sim ulation cycles pla the role that ork samples ha in the example ab e. ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 Figure 2: The basic time space particular time oin called, sa the \big-bang" oin with an empt past and time equal to time start In the ab mo del, ev en ts whic happ en in no time can still ordered. This is ossible since the ordering is based on ev en set con tainmen and not on the ev en time alues. Therefore time oin ts t1 and t2 can exist suc that t1.present t1.past t2.past, t1.time t2.time Useful predicates can de�ned accordingly to test if an ev en is next or prior to another ev en t. FUNCTION is_next(e1,e2: Event): BOOLEAN; RETURN (e1.event_time_point .past (e2.event_time_point .presen e2.event_time_poin t.past) ); END_FUNCTION; FUNCTION is_before(e1,e2: Event): BOOLEAN; RETURN ((e1.event_time_po int.pre sent e1.event_time_point.pa st) <= e2.event_time_poi nt.past ); END_FUNCTION; Considering the linear time mo del, Time value can used freely in constrain ts in the same that distances or eigh ts are used. Order relationships et een ev en t and the time lo cation of ev en ts can no sp eci�ed means of time alues. Moreo er time oin can selected indirectly for example relying on some prop erties of an en tit suc as the minim um resp onse time to an input hange. 2.4 Using time mo dels sho ho the linear mo del of time can used, supp ose that there exists an en tit process whic con tains sequence of ork samples, eac sample eing haracterised ev en t s: activate and suspend The work sample sequence is correct if its elemen ts cannot in ter- lea ed. That implie hronological ordering of ork samples according to the activate and ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 In addition, time start is constan standing for the minim um alid event time according to the application whic uses the time mo del. It is also assumed that Time value measures an absolute time for all ev en t and that basic op erators, suc as is equal and is less are de�ned. These op erators can hide time unit and whatev er con ersions are necessary to ork with time alues. or con enience, the Time value op erators are used only within EXPRESS constructs. Elsewhere in the text and also in EXPRESS commen ts the op erators =, <>, <, >, -, will used instead. ENTITY Event; event_time_point: Time_point; DERIVE event_time: Time_value := event_time_poin t.time; END_ENTITY; ENTITY Time_point; past: SET OF Event; present: SET [1: ?] OF Event; time: Time_value; WHERE valid_time_value: is_equal(time,tim e_start OR (past <> [] AND is_greater(time ,time_s tart)); directional_time: present past []; event_ordering: QUERY(e <* past is_less(e.event_time, time) OR is_equal(e.event_time ,time)) past; END_ENTITY; RULE linearise_time FOR (Time_point); -- for t,tp IN Time_point either is_after(t,tp) or is_after(tp,t) WHERE QUERY(t <* Time_point QUERY(tp <* Time_point (t tp) OR ((t.past t.present)<= tp.past)OR ((tp.past tp.present)<= t.past)) Time_point) Time_point; END_RULE; RULE unique_present FOR(Time_point,Event) END_RULE; -- See section 2.2 In can pro ed that the mo del ab ob eys de�nition 2.1. The time oin space con tains single time-line as illustrated in �gure 2. According to the ev en ordering constrain t, the total ordering of time oin ts preserv es the ev en time ordering. In addition, there exists ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 Figure 1: The basic time space same time-lin is after de�nes partial order on Event ). Linearising the Time point space is, therefore, useful. Definition 2.1. time oin space is considered linear if for an oin ts t1, t2 IN Time point, t1 <> t2 and for an ev en ts e1 IN t1.present, e2 IN t2.present either is after(e1, e2) or is after(e2, e1) In linear time oin space the is after op erator orders totally the Event set. Although the Time point space can linearised without in tro ducing time measure, as sho wn in GC92 ], in what follo ws only measurable linear arian of the time space is presen ted. 2.3 Measurable time In man applications time lapse, used to express the duration of ev en ts can imp ortan t. In order to able to measure time the basic time mo del is up dated in tro ducing \v alue of time". The en tit Time value is in tended for that purp ose. Time value can de�ned as co ering of application dep enden time measuring units whic h, in turn, are de�ned in terms of basic time unit pro vided that the set of time unit is totally ordered. ENTITY Time_value ABSTRACT SUPERTYPE; END ENTITY; CONSTANT time_start: Time_value:= <application dependent constant>; END_CONSTANT; ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 ENTITY Time_point; past: SET OF Event; present: SET [1 ?] OF Event; -- present cannot be empty WHERE directional_time: present past []; -- time flows by nothing_is_forgotten QUERY(e <* past (e.event_time_point.p ast e.event_time_point.p resent) <= past) past; -- SELF\.past contains all events -- which are on time-lines entering SELF END_ENTITY; RULE unique_present FOR(Time_point,Event) -- each event must be in the present -- of its associated Time_point WHERE QUERY(t <* Time_point QUERY(e<* Event |e.event_time_po int:=:t t.present) Time_point; END_RULE; Although the mo del do es not sp ecify an metric for time measuring purp oses, it mak es it ossible to de�ne op erators suc as is after and is before and therefore to order the ev en t s. or example, FUNCTION is_after(e1,e2: Event): BOOLEAN; -- Checks if e1 occurred after e2 RETURN((e2.event_tim e_point .presen e2.event_time_poin t.past) <= e1.event_time_point .past); END_FUNCTION; According to the mo del ab e, the structure of time oin space is as illustrated in �gure 1, where t,t1, and t2 are Time points suc that t.past t.present <= t1.past, t.past t.present <= t2.past, t1.present t2.present []. Sev eral time-lines can emerge from the same presen t. Moreo er, sev eral distinct time- lines (c hains of time oin ts) can co exist in the same past. Therefore, the time oin space con tains parallel time oin subspaces whic h, ev en tually can disjoin t. Although these prop erties are general, they mak it more di�cult to test the ordering of ev en ts. or instance is after(e1,e2) mak es sense only if the ev en ts e1 and e2 are on the ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 these attempts fall short of the basic aim of mo dellin g: to describ without computing. In addition, there are external factors suc as the of ev aluating formal relations et een mo del en tities, whic rein tro duce time through the bac do or. The reasons ab suggest that time alues are an insecure basis for time mo delli ng. In- stead, the ordering of ev en t according to their existence, regardless of their ccurrence time, is essen tial. The time alues can though of as consequence of ev en ordering and, therefore, the time mo del will self con tained and \exact". 2.2 The basic time mo del Time, as an abstract concept, is in tended for ev en sequencing. It designates space of time oin ts reac hed from one another \b efore" and \after"-lik op erators. or umans, time is also understo in terms of ev en ts. remem er ev en t not time. rom this oin of view it can said that time has corpuscular nature; quan ta are ev en t s. Nev ertheless, time is passing structuring the time oin space in whic mak es it ossible for an observ er to orien in time distinguishi ng the hronological ordering of ev en ts, regardless of the time distance et een ev en t s. rom this oin of view time is con tin uous. Considering ev en ts as fundamen tal and viewing time as space, Event Time point comes near to the temp oral logic prop osed Ko alski and Sergot KS86 ]. Ho ev er, the structure of this space is made explici here rather than through eing used to build logic form ulae. Set theory is used in what follo ws as it is not only con enien to ol for expressing the concepts discussed, but it also pro vides op erations suitable to capture the essence of relations underlying the seman tics of time. particular Time point con tains the sets of ev en ts whic are happ enning (the presen ev en ts) or ha happ ened (the past ev en ts). In this the concepts \past" and \presen t" themselv es can also de�ned in terms of sets of ev en ts whic can ordered on set inclusi on basis. Let Event the generic set of ev en ts and Time point the set of time oin ts. The follo wing essen tial constrain ts ha to observ ed: or eac IN Time point, con tains sets of ev en ts called t.present and t.past It is considered that when the ev en ts in t.past ere created the ev en ts in t.present did not exist. or eac IN Event there is unique oin IN Time point suc that IN t.present It is said that happ ens (is created) at time oin (denoted e.event time point ). or eac IN Time point and IN t.past all predecessors of and also all ev en ts cre- ated at e.event time point are in t.past Note that the predecessor relationship is rela- tiv to those time-lines whic come from the past and pass through e.event time point These constrain ts are satis�ed the EXPRESS mo del elo whic uses the follo wing set op erators: IN for set mem ership, +, *, for set union, in tersection and di�erence, <= for set inclusi on, and <> for set equalit and inequalit and [] for represen ting the empt set. ENTITY Event; event_time_point: Time_point; END_ENTITY; ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 In tro duction In con trast to computation, whic aims to sho ho alues whic haracterise univ erse of discourse are obtained, mo dellin is in tended to capture the conceptual structure of the uni- erse: the underlying concepts, their relationships and constrain ts. The di�erences et een computation and mo delling can found at lo er lev els in computer paradigms; for example con en tional ersus kno wledge orien ted programming, imp erativ ersus declarativ program- ming. The main thrust of computation is to solv e. The main e�ort in mo delling is to describ e. This goal is of signi�cance in CAD esp eciall for supp orting the transfer of design et een di�eren CAD systems and for design eri�cation. As result in terest in dev eloping mo delling languages and in mo delling arious CAD domains is gro wing. This rep ort addresses some particular cases in that area: time mo delling in general, time mo dellin in EXPRESS ISO91 ], and time-based eha viour mo delling in hardw are design, par- ticularly for VHDL LSU89 ]. Its main purp ose is to prop ose time-dep enden eha viour, in particular VHDL eha viour, can mo delled using simple conceptual relationships. In addition, it presen ts an outline mo del of VHDL eha viour in EXPRESS using the existing language features. mo del of Time This section presen ts arian ts of time mo del relying on time space structure rather than on umerical alues used to measure time. The mo del observ es common sense time prop erties and can used in mo delli ng time based eha viour of arious artifacts. The abilit to pro vide generic mo del of time is essen tial to the use of information mo delli ng of domains suc as VHDL. The mo del ust con enien tly describ time sequencing of instan taneous ev en ts. This is ust for mo delling VHDL since, due to delta dela ys, there can successiv sim ulation cycles with the same time alue. Only time mo dels are presen ted here. more comprehensiv discussion on EXPRESS time mo delling can found in GC92 ]. 2.1 Time alues and ev en ts Extensiv ork has een carried out to dev elop formal to ols suitable for describing eha viour SMW92 ]. emp oral logic is an example. These approac hes tend to consider temp oral prece- dence relations as primitiv concepts. This assumption ould imp ossibl when using mo d- elling language, suc as EXPRESS for example, where all concepts and relationships ha to made explici t. In mo delli ng languages, the meaning of, for example, is after or is before ust describ ed in terms of more basic concepts, concepts whic actually mo del time. In addition, it is inadequate to assume that set of umerical alues, call them time values can represen mo del of time. Philosophical ly the restrictions of using umerical alues when these are mean to tell time are in the mind of the user instead of eing made explicit in the mo del GA78 ]. Ev en supp osing that all necessary restrictions could made explicit, the umeric time mo del is still debatable from the oin of view of the absolute measuring precision required. There are attempts WD92 VT92 to mo del eha viour whic try to o id the ab pitfalls using op erators whic compute the status of the mo delled univ erse at the \next" momen in time and then sp ecify relationships et een the curren and future univ erse states. Ho ev er, ards VHDL Mo del age: ECIP2/UM/008-1 22-10-92 This rep ort addresses time-based eha viour mo delli ng in hardw are design, particularly for VHDL. Its main purp ose is to prop ose time-dep end en eha viour, in particular VHDL eha viour, can mo delled using simple conceptual relationships. In addition, it presen ts an outline mo del of VHDL eha viour in EXPRESS. Con ten ts In tro duction mo del of Time 2.1 Time alues and ev en ts 2.2 The basic time mo del 2.3 Measurable time 2.4 Using time mo dels Hin ts on VHDL eha viour mo delling 3.1 The basic approac of VHDL eha viour mo dellin 3.2 VHDL mo dellin la ers 10 3.2.1 Concepts at the structure lev el 11 3.2.2 Concepts at the eha vioural lev el 12 3.2.3 Concepts at the sim ulation lev el 14 3.3 Basic relationships et een the mo del concepts 16 3.3.1 Concept relationships at the structure lev el 16 3.3.2 Concept in ter-relationships at the eha vioural lev el 17 3.3.3 Concept relationships at the sim ulation lev el 18 3.4 eform relationships 20 3.5 Informal sp eci�cation of the eform relationship 23 3.5.1 The eform constrain (C SD) 23 3.5.2 An example 25 3.6 Additional restrictions on signal efo rms and alue transactions 26 The VHDL outline mo del 29 4.1 Structure lev el mo del 29 4.2 Beha viour lev el mo del 35 4.3 Sim ulation lev el mo del 41 4.4 Time lev el mo del 46 Conclusions 49 Ac kno wledgem en ts 49 ards VHDL Mo del age: Pro ject 2072 Europ ean CAD In tegration Pro ject Prepared Cristian A. Giumale (Univ ersit of anc hester), li or Cop yrig 1992 Bull S. ., In ter nat ion al Computers ., Siemen ix orf Informat ion ssyste me erlan se hilips Be ri e B. ., acal- a ., Siemen homson-CS niv er sit of anc heste r, er or niv ers it his cumen an the informatio con ta ine herein ma not copie use or isclose in whole or in part except with prior written ermission of the partner as liste e he cop yri gh an the foregoing restrictio on cop yin g, use an isclosure exten to all me ia in whic this informati on ma em ie inclu ing magneti storage, compute prin t -ou t, visual ispla etc. he cumen is supplie without lia ilit for errors or omission s.