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The Control of Synchronous Systems, Part IT*

Luca de Alfaro*™* Thomas A. Henzinger** Freddy Y.C. Mang**

Abstract. A controller is an environment for a system that achieves a particular
control objective by providing inputs to the system without constraining the choices of
the system. For synchronous systems, where system and controller make simultaneous
and interdependent choices, the notion that a controller must not constrain the choices
of the system can be formalized by type systems for composability. In a previous
paper, we solved the control problem for static and dynamic types: a static type is a
dependency relation between inputs and outputs, and composition is well-typed if it
does not introduce cyclic dependencies; a dynamic type is a set of static types, one for
each state. Static and dynamic types, however, cannot capture many important digital
circuits, such as gated clocks, bidirectional buses, and random-access memory. We
therefore introduce more general type systems, so-called dependent and bidirectiona
types, for modeling these situations, and we solve the corresponding control problems.
In a system with a dependent type, the dependencies between inputs and outputs
are determined gradually through a game of the system against the controller. In a
system with a bidirectional type, also the distinction between inputs and outputs is
resolved dynamically by such a game. he game proceeds in several rounds. In each
round the system and the controller choose to update some variables dependent on
variables that have already been updated. he solution of the control problem for
dependent and bidirectional types is based on algorithms for solving these games.

The control ro le as s, gi enan open system and a property ,to construct
a controller such that the controlled system satis es ortoans er un-
controlla le, if no such e ists . The control pro lem has applications in the
synthesis of reacti e programs and se uential circuits , in discrete-e ent
control , in modular eri cation AdAHM | and in early error detec-
tion dAHMOO . An important special case is the in le te control pro lem,
for properties of the form , here isthetemporal ne t operator,
and is a predicate on a set  of state aria les. In this case, the o ecti e
of the controller is to ensure that the system enters a state satisfying

in one transition. hile ne t properties are, er e, of limited interest as con-
trol 0 ecti es, algorithms for all -regular control o ecti es, such as in ariance
properties speci cally, , use as su routines algorithms that sol e
the single-step control pro lem L |, H 2McN ,Tho
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e study the single-step control pro lem under t o ery general assump-
tions the closed-loop assumption, and the input-ena ling assumption. The
cloe loo a u tion has that the state aria les hich are not gi en al-
ues y the system are gi en alues y the controller , and ice ersa. In
particular, in the uni irectional case, the set  of state aria les is partitioned
into a set  of system outputs, hich are also controller inputs, and a set of
system inputs, hich are also controller outputs. Later, in the % irectional case,

hat is input and output may change from one state to the ne t. The in ut
ena lin a wuw tion has that the state aria les that are gi en alues y the
system cannot e in any ay constrained y the controller ,and ice ersa.
More precisely, for all legal en ironments of | e ery state of the composite
system must ha e a successor state, and analogously for . It follo s, in
particular, that the controlled system cannot dead-loc .

The solution and hardness of the single-step control pro lem depends on
the precise de nition of the composition operator . The case most commonly
considered in the literature is uni irectional turn a e co o ition, here the
system  and the controller ta e turns to proceed. ith each turn of | the
system outputs  remain unchanged, and ith each turn of , the controller
outputs remain unchanged. Assume that the states in hich the controller
outputs can change are de ned y the predicate ctr  , and that the transition
relation of isde ned y the predicate , hereunprimed state aria les
refer to the source state of a transition, and primed state aria les refer to the
target state. Then, the states for hich the control o ecti e can e met
are characterized y the wuanti ed formula

ctr
ctr

Another simple case is that of uni irectional oore co o ition, here oth the
system  and the controller can update their respecti e outputs in the same
transition, ut they cannot do so dependent on each other. In this case, the
appropriate formula is

or

If is the transition relation of an input-ena ling Moore system, then
these t o formulas are e ui alent.

In the Mealy case, here some system outputs may depend on simultaneous
controller outputs, and some controller outputs may depend on simultaneous
system outputs, there is not a single formula that characterizes the controlla le
states. Instead, all possi le dependencies et een aria les must e considered
one y one. There are, ho e er, multiple ays in hich the notion of depen-
dency can e formalized. For this purpose, e introduced ty e y te  for com-
posa ility dAHMOOa . In essence, such a type system o ers a syntactic criterion
for ensuring that all ell-typed composite systems are input-ena ling. The sim-
plest type system is ased on static types. A tatic ty e is a dependency relation

et een input aria les and output aria les. T o statically typed components
can e composed if the union of the component types is acyclic.  amples of



statically typed components include eacti e Modules AH , and se uential
circuits ithout com inational loops. As there are meaningful systems that can-
not e typed statically, e generalized static types to dynamic types. A yna ic
ty e is a set of static types, one for each state. In a dynamically typed compo-
nent, hich outputs depend on hich inputs may change from state to state.
An e ample of a dynamically typed component that cannot e typed statically
is the transparent latch.
nce a type system is adopted, e can distinguish et een the ed-type
control pro lem and the un no n-type control pro lem. The e ty e control
ro le assumes that the type of the controlleris no n gi enatyped system
a property , and a controller type , construct a controller  of type such

that satis es . The un no n ty e control 1o le re uires only that the
controller and the resulting closed-loop system are ell-typed gi en a typed
system  and a property , construct a typed controller  such that has

a type and satis es . In case of oth static and dynamic types, the ed-
type controlla le states can e characterized y formulas ith partially ordered
Hen in wuanti ers Hen 1. For e ample, if controller output  depends on
system output , and controller output  depends on system output , and
there are no other aria les or dependencies, then the appropriate formula is

The un no n-type controlla le states can e characterized y dis unctions of
ed-type solutions of a particularly simple ind, namely, those hich contain
only linearly ordered wuanti ers. So, perhaps surprisingly, the un no n-type
control pro lem is computationally simpler in the case of oolean aria les,
S AC -complete than the ed-type control pro lem N -complete .
This concludes our re ie of dAHMOOa . Follo ing SV, eattempted
to use our theory to automatically synthesize protocol con erters, speci cally,
an interface et een a CI wus and a component using a t o-phase commit
protocol for communication. e found, ho e er, that e en dynamic types are
too restricti e, and more general notions of synchronous composition need to
e considered cf. 2 . The common cases here dynamic types pro e in-
su cient for hard are modeling fall into t o classes. First, the dependencies
et een inputs and outputs may depend not only on the state of the system,
ut also on the partial successor state, as it unfolds. For e ample, in a digital
circuit here gated cloc s are used to ena le or disa le the latches, hether
there is a dependency of the output of a latch on its input depends on hether
its cloc signal is asserted or not. This in turn may depend on other parts of
the system such as the current primary inputs. Second, in many digital circuits,
the complete classi cation of ports into input and output signals is not done
a riori. In hard are description languages, such as VH L and Verilog, ports
can especi ed as idirectional, or IO ort , indicating that they are sometimes
used for input and at other times for output.  amples of systems that ma e
e tensi e use of I ports include idirectional data- uses, random access mem-
ory, and the control su system of CI uses, to name ust a fe . The use of I



ports, ho e er, is restricted to circuit simulation they are not included in the
synthesiza le fragment of H Ls.

e present a model of synchronous system composition that includes oth
dependent types and idirectional types. A e en ent ty e chooses the depen-
dencies et een aria les ased on the ne t-state alues of other aria les a

i irectional ty e classi es aria lesinto input and output dynamically. e then
sol e the single-step  ed-type and un no n-type control pro lems for systems

ith dependent and idirectional types. sing our solution for the single-step
control pro lem as a su routine, controllers for more general temporal properties
can e o tained in the standard ay. In particular, our algorithms can e used
to synthesize se uential circuits ith gated cloc s and I ports.

The modeling and controller synthesis for dependent and idirectional types
is ased on game-theoretic notions. In a e en ent ty e, the input-output de-
pendencies unfold in steps as the ne t-state aria les ac uire alues.Ina i i
rectional ty e, also the commitments of aria les to represent output unfold in
steps as the ne t-state aria les ac uire alues. These unfoldings can e ie ed
as a game in  hich the system and the controller, starting from a state, proceed
to assign alues to indi idual aria les until the ne t state is completely spec-
i ed. wur solutions of the resulting control pro lems are ased on algorithms
for sol ing such multi-step nite games. Although dependent and idirectional
types are signi cantly more general than the static and dynamic types studied
pre iously, our results sho that the computational comple ity of the resulting
control pro lems does not increase. In particular, e pro e that for the most gen-
eral, idirectional types, the ed-type control pro lem for oolean systems is
N -complete, and the un no n-type control pro lem is S AC -complete,
as is already the case for static types. e alsosho that hile the composa ility
chec for dependent and idirectional typesis di cult coN -complete , it is no
more di cult than in the case of dynamic types, and simpler than chec ing if
an untyped system is input-ena led -complete .

Let e a set of aria les. In this paper all aria les range o er the set I of
ooleans. e denote y P tate the set of partial functions from to I ,
and y tate the set of total functions. i en P tate , € rite
for the set of aria les on hich is de ned. For , e
rite for the restriction of to the aria lesin . For a oolean formula
oer , e rite for the formula o tained
y replacing each aria le in ith the truth alue . e
rite for the set of corresponding primed aria les, and for
P tate , e rite for the partial function in P tate such that

for all , and is unde ned other ise.

A o ule consists of the follo ing t o components

A nite set of o ule aria le . The tate of are tate ,
and the artial ne t tate of  are P tate . nprimed ari-



a les represent current-state alues primed aria les, ne t-state alues. A

pair is called an e ten e tate.

A oolean formula | called tran ition re icate, o er the set of
aria les it relates the current-state and ne t-state alues of the module
aria les. The state a acro te wucce or of the state if

is true. For a aria le ,the e tended state

isa icro te ucce or of the e tended state if

and there e ists I such that and is satis a le.

ient omodules and ,the ynchronou co o ition is the mod-
ule ith and . A module is non loc in if
e ery state has a macro-step successor that is, for all states , there e ists
a state such that is true. Synchronous composition is pro -

lematic ecause it may cause loc inge enif oth components are non loc ing.
This is particularly undesira le in control applications, here e usually ant
to rule out controllers that achie e the control o ecti e simply y loc ing the
plant from progressing.

Iti co lete to chec if the co o ition oft o non loc in
o ule i non loc in .

In order to simplify the chec that synchronous composition is non loc ing, e

augment modules ith ty e. e indicate y the pair consisting of a

module  and its type . e ill consider se eral classes of module types. For

each such class , e ill de ne a notion of co o a dity, hich speci es
hether t o typed non loc ing modules and ith can
e composed into a single non loc ing module.

i enaclass of types and a typed module ith

,a  controller for is a typed module ith hich

is -composa le ith . The in le te control 1o le for as s,gi en

a typed module , a state , and a oolean formula o er ,

if there is a -controller for such that for all states , if

is true, then is true. The controller = ensures that starting

from , the predicate holds after one step of the clo e loo 1y te , and

it does so ithout loc ing the progress of . If the ans er is Yes, then the

state is in le te controlla le 'y .r.t. the control o ecti e . e

distinguish t o inds of control pro lems. In the un no n ty e control pro lem

, e are free to choose the type of the controller in the e ty e

control pro lem , the type  of the controller is speci ed as part
of the pro lem statement.

e partition the module aria les into input and output,
hen composing modules, e disallo aria les to e output from more than

one module. An IO ty e o ule , or simply I0 o wule, consists of a
module and a partition of the module aria les into
a set of input aria les and a set of output aria les. e
refer to asan IOty e for . T ol -modules and are

IO co o a le if their output aria les are dis oint that is, . The



IO co o ition is the I -module , here and

. The fact that t o I -modules are I -composa le
does not su ce to guarantee that their composition is non loc ing. Therefore, e
either restrict the transition predicate as in the case of Moore modules , or e
augment I -types ith additional information such as dependency relations .

A oore o ule isan I -module such that a the
module isnon- loc ing, and thene t alues of output aria les do not
depend on the ne t alues of input aria les that is, for all states ,
if and , then . The composition of t o1 -

composa le Moore modules is non loc ing.
A e en ency relation for an I -module
is an acyclic inary relation et een the output aria les and the
module aria les acyclicity means that the transiti e closure isirre e i e . The
I -module re ect the dependency relation at state if for all
states ith , for each su set of input aria les, and
for each truth- alue assignment to the aria lesin , there is a state ith
such that , and for not
for all , here is the re e i e-transiti e closure of . A tatically
ty e o ule consists of an I -module and a dependency
relation for such that a the module isnon loc ing,and  the
I -module respects the dependency relation at all states in
e refer to the pair as a tatic ty e for . T o statically typed
modules and are tatically co o0 a leif 1 they are
I -composa le and 2 the relation is acyclic. The composition of
t o statically composa le modules is non loc ing. These modules can e used
to model se uential circuits ithout com inational loops.
A co o ite e en ency relation for an T -

module is a set of pairs, here each
is a oolean formula o er the module aria les , and each is a depen-
dency relation for , such that for e ery state , there is e actly
one formula , 1 , such that is true. If , then e rite
for the corresponding dependency relation . A yna ically ty e o ule
consists of an I -module and a composite dependency
relation 1 for such that a the module
is non loc ing, and at e ery state , the module respects the
dependency relation . e refer to the pair a dynamic type for the
module . T o dynamically typed modules and are
yna ically co o0 a leif 1 they are I -composa le and 2 the relation
is acyclic for all 1 and 1 for hich the con unction

is satis a le. The composition of t o dynamically composa le modules is non-
loc ing. These modules can e used to model circuits ith transparent latches
that may contain com inational loops dAHMO00a .

It can e chec e in linear ti e if t o tatically
ty e o ule are tatically co o ale. It i coNP co lete to chec if t o
yna ically ty e o ule are yna ically co o a le.



The in le te control ro le for oore o ule
i co lete. The in le te un no n ty e control ro le  for tatically an
yna icallyty e o ule are P P C co lete. The in le te e ty econ
trol ro le  for tatically an yna icallyty e o ule are N P co lete.

The goal of this paper is to e tend our type systems to capture ider classes of
non loc ing synchronous composition, and study the resulting control pro lems.
In particular, e add to our list of type classes e en ent ty e and i irectional
ty e . ependent types generalize dynamic types y allo ing the dependency
relation to e a function not only of the current state, ut also of the partial ne t
state. idirectional types further generalize the dependent types y remo ing
the re uirement that module aria les are partitioned into input and output

aria les a priori. ather, the choice of hich aria les are used as inputs and
outputs is performed dynamically, hile the alues of the aria les themsel es
are chosen.

The follo ing notions ill e used in the de nition of oth dependent and idi-
rectional types. The aria le dependency relation esta lishes the possi le orders
in hich the aria les can e assigned a alue in order to determine the ne t
state, and the dependencies among the alues chosen. The micro-step graph
ma es e plicit the partial states tra ersed as a ne macro-step successor is de-
termined. e ill sol e single-step control pro lems y considering games on
this micro-step graph.

A aria le e en ency relation for  is a set
of pairs, here each isa oolean formula o er

the unprimed and primed module aria les , and each 2

is a inary relation ith the intention that if holds in an e tended state,
and ,then can e gi en a ne t alue, and this alue can depend on
the ne t alues of the aria lesin . The set is an IO aria le e en ency
relation for an I -module if 2 for all 1 that

is, dependencies are speci ed only for output aria les. A aria le dependency
relation is a syntactico ect toma ethe aria le dependencies moree plicit, e

de ne the corresponding e en ency function 2 as the
function that, gi en an e tended state and a aria le , speci es the set of
aria les on hich depends, as and
contains no free aria les and is true . The aria le is ena le for
at the e tended state if . The module re ect the
aria le dependency relation if for e ery pair of e tended states and
of | for e ery aria le that is ena led for at oth
e tended states, and for e ery I,if , then the
e tended state is an -successor of i the e tended
state is an -successor of . If the transition predicate

of a module is speci ed y aset of nondeterministic guarded commands, then
the aria le dependency relation can e deduced from  as follo s for each



guarded command in , let , here
i occurs in or in

Consider t o modules and  together ith aria le

dependency relations and . Let . The micro-step graph of
and encodes the se uential process y hich and update the aria le
alues from a state to its macro-step successor. Formally, for a state , the
icro te rTa h is a directed acyclic graph hose ertices
are the tuples ,  here tate , P tate , ,
and , together ith the additional distinguished erte , hich is
used to denote an illegal con guration. The edges of are

partitioned in  -edges and -edges they are de ned as follo s, for all ertices
and all aria les

If and isena led for at the e tended state , then

for each -successor of ,if is also an -successor

of , then there is an -edge from to the erte and

if is not an -successor of , then there is an -edge from to
. The -edges are de ned symmetrically.

If and isena led for at the e tended state ,

then thereisan -edgefrom to .The -edgesarede ned symmetrically.

A erte of is ter inal if it does not ha e any outgo-
ing edges. Note that the micro-step graph has the follo ing properties there
are at most 2 ertices, the size of each erte is at most , and the
depth of the graph is at most 1. If a erte of

has oth outgoing - and -edges, then is ¢ e . The re uce  icro
te rah R is the micro-step graph o tained from

y pruning, for all mi ed ertices , all -edges outgo-
ing from . Intuiti ely, the reduced graph represents the situation in hich the
module  has precedence o er in updating aria le alues.

Consider an I -module together ith anI - aria le dependency rela-
tion for . Let consist of the module ith the input
aria les , the output aria les , the transition predicate
,and the I - aria le dependency relation . The
triple isthe ot eneral e en entty e en iron ent for

it assigns nondeterministically alues to the input aria les of . The
triple isa een entty e o uleif a the module respects
the aria le dependency relation and for e ery state , if there

is a path in the micro-step graph from the initial erte
to a terminal erte , then , and for some
state tate . Condition states that for all en ironment inputs, the
module does not loc . e refer to the pair asa een enttye

for
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. A cyclic circuit composed of three modules , , and . It performs the
following function: if  then else , where and are

two combinational blocks, such as a shifter and adder.

Cyclic circuits are often used in hard are systems for
minimizing the circuit size. As an e ample, consider the circuit in Figure 1.
The output is a function of the inputs and . The circuit consists of three

dependent-type modules , and . In guarded commands, they are
Module has the aria les and , and the T -
aria le dependency relation . Module
has the aria les and , and the I - aria le depen-
dency relation . Module  has the ari-
a les and , and the I - aria le dependency relation
N |
ery IO o ule itha e en entty ei mon loc in . ery

non loc in 10 o ule ha a e en ent ty e.

T o dependent-type modules and
are eenenttye co oale if 1 they are I -composa le and 2 the
I -composition respects the I - aria le dependency relation
. Then the pair is a dependent type for the
composite module . The follo ing theorem sho s that chec ing compos-

a ility for dependent-type modules has the same orst-case comple ity as for
dynamically typed modules.

It i coNP co lete to chec ift o e en entty e o ule are
eenenttyeco o ale.



s etch ien t o dependent-type modules and

, to sho that they are not composa le one can guess a path

in the micro-step

graph , and chec that , and that there is

no outgoing edge from . This last condition can e chec ed y chec ing that

contains all input aria les , and that no output aria le unde-

ned in  is ena led at the e tended state . Note that this chec re uires

only polynomial time, ecause a aria le can e ena led only hen all aria les
that occur in its ena ling condition are assigned a alue y N

ependent types capture a larger class of non loc ing synchronous composition
than dynamically typed modules, as sho n y the follo ing proposition. For a

dependent-type module , the aria le depends on
at a state , ritten ,if there e ists a partial state and a pair
such that is true and . Then

is a dynamic type for

There aret o e en entty e o ule that are e en ent ty e
co oale utnotco oaleif ie e a yna ically ty e .

The dependent-type modules , ,and from ample 1 are
dependent-type composa le. If these modules are ie ed as dynamically typed
modules, the output of each module ill depend on the respecti e inputs. Hence
there ill e a cyclic dependency in the union of their dependency relations,
namely, and at all states. Since dynamically typed modules do not
permit cyclic dependencies, these modules are not dynamically composa le. B

y rela ing the composa ility re uirement of mod-
ules from dynamic to dependent types, e can control a larger class of modules.

There i a e en entty e o ule , a control o
ecti e o er , an o tate uch that 1 in le te controlla le
.r.t. ya e en entty e controller utnot ya yna ically ty e controller.

Let e the module ith and , and the

follo ing guarded commands

The control o ecti e is . There is no dynamically typed controller at any
state , ecause such a controller ould ha e dependon ,and canset to
e . ut a dependent-type controller can change the dependencies, namely,

ha e not depend on any aria le and ha e depend on . The follo ingis a
dependent-type controller

Consider the single-step un no n-type control pro lem It
is con enient to ie this control pro lem as a game et een the dependent-type

10



module and its controller. The game is played on the -reduced
micro-step graph R , here is the most general
dependent-type en ironment for . Note that e ery nonterminal erte
of the reduced micro-step graph either has only outgoing -edges or has only
outgoing -edges. e call the ertices ith only outgoing -edges the o wule
ertice , and the ertices ith only outgoing -edges the en iron ent ertice .
Then e sol e the game y the follo ing mar ing algorithm. A terminal erte

is mar ed if and is true. A module erte
is mar ed if all successors of are mar ed. An en ironment erte is
mar ed if some successor of is mar ed. The ans er to the gi en single-step
un no n-type control pro lem is Yesi the erte is mar ed.
If the ans er to the control pro lem is Yes, then the method also suggests a
ay of synthesizing a dependent-type controller as a set of guarded
commands . i en a state , denote y the characteri tic for ula
of ,de ned y . The controller
has the output aria les and input aria les . For e ery
mar ed en ironment erte in the reduced micro-step graph,
choose one mar ed successor of ,and add to the
guarded command . Li e composa ility chec ing, the single-

step un no n-type control pro lem for dependent-type modules is no harder
than its counterpart for dynamically typed modules.

The in le te un no nty e control 1o le for e en entty e
oule i PP C co lete. oreo er,ifthean eri e ,thena e en ent
ty e controller can e ynthe i e .

The ed-type control pro lem is computationally harder
than the un no n-type control pro lem, although it is no harder than its coun-
terpart for dynamically typed modules. The additional comple ity is due to the
fact that e need to construct e plicitly the micro-step graph.

The in le te e ty econtrol role for een enttye o
uwle 1 N Pco lete. oreo er, ifthe an eri e ,thena e en entty e
controller can e ynthe i e .

s etch i en a dependent-type module , a state
, a control o ecti e o er , and a dependent type for
the controller, one can guess a su graph  of the reduced micro-step graph
R , for the most general dependent-type en ironment
, and chec that 1 the erte is in 2 for all module
ertices in , all successors of are also in for all en ironment ertices
in , there is e actly one successor of in  such that is an edge
in for all terminal ertices , the formula is true the
controller respects the I - aria le dependency relation at all en ironment
ertices in . All of these conditions can e chec ed in time polynomial in the
sizeof .N -hardness comes from the fact that dependent-type modules can
encode dynamically typed modules. i

11



a idirectional data-bus b I

amples of bidirectional modules. Figure a : A system with two processors
communicating through a bidirectional bus. he variable is output of the module
if , and it is output of  if . Figure b:A Isystem with two master
devices and one target device. he gure also shows the arbiter.

A i drectional o ule consists of a module and a aria le depen-
dency relation for = such that  respects . erefer to asa %1
rectional ty e for . Note that a idirectional type does not contain an I -type.
The information a out hich aria les can e outputs of a idirectional module
is encoded instead y its aria le dependency relation if a aria le
is ena led at the e tended state ,then can e assigned a alue at ,
and thus used as an output. nli e the arious typed modules e de ned pre-
iously, idirectional modules do not guarantee non loc ing. This is ecause a
idirectional module may not e a le to produce suita le outputs i.e., alues
for some module aria les for all possi le en ironment inputs i.e., alues for
the other module aria les . For instance, the en ironment may try to assign
a alue to a aria le that already has a alue assigned y the module. Hence,
the en ironment has to e speci ed e plicitly, and t o idirectional modules are
composa le only if the result is non loc ing.

Informally spea ing, t o idirectional modules are composa le
if in all macro-steps, e ery module aria le is assigned a alue e actly once y
either of the modules . Then the composition is non loc ing, and each aria leis

output of e actly one component. i ent o idirectional modules and
, let . The modules and are 1 irection

ally co o a le if for all tate , if there is a path in the micro-step graph
, from the initial erte to a terminal erte

then , and ith . nfortunately, chec ing idi-

rectional composa ility is computationally harder than chec ing composa ility
for the other pre ious types.

12



It i co lete to chec if t o i irectional o ule are i i
rectionally co o a le.

The additional hardness comes from the fact that hen composing t o idirec-
tional modules, one of the modules may choose a alue for the common aria les
such that the other module loc s. This cannot not happen ith statically typed,
dynamically typed, or dependent-type modules, ecause they do not loc on

any inputs they recei e. For a idirectional module , let
there e ists a pair such that for some . Then the
pair , here , is a dependent type for

There are t o 1 irectional o ule that are i irectionally
co oale utnotco oaleif ie e a eenenttye o ule.

In a multi-processor system, a idirectional data- uscan e mod-

eled as a idirectional module. Typically, at most one processor has the right to

rite to the data- us, hile the others can only read from the data- us. Fig-
ure 2 a sho s a simpli ed system in hich there are t o processors  and

communicating ia the data- us . The aria le may e an output of either
or , depending on the alue of . In guarded commands, and are

e assume that and are composed ith anen ironment that nondetermin-

istically chooses alues for the aria les , ,and . These three modules are

idirectionally composa le, ut they are not composa leif ie ed as dependent-
type modules ecause is output of oth and .0

idirectional modules can e used to
model the CI wus protocol ST . The CI wus is an industry standard com-
monly used for interfacing et een the core computer system e.g., C |, mem-
ory, etc. and the peripheral de ices e.g., audio, ideo etc. . Typically, the mas-
ter de ices attached to a CI wus may re uest to o n the wus in order to
communicate ith the respecti e target de ices. nce a re uest is granted y
the ar iter, the us 1ill e o ned y the selected master de ice and only this
master de ice or its target de ice can rite onto the us.
Consider an instance of the us protocol depicted in Figure 2 . There are
t o master de ices and one target de ice. wuring the ar itration phase, the
master de ices may re uest to o n the us. hen o nership is granted y the
ar iter, the selected master de ice chec s if the wus isidle y o ser ing that
the alues of oth signals R and IR  are high , and then dri es these
t o signals, so that they ecome outputs of this master de ice. Note that the
t o signals can e output of either master de ice, depending on the decision of
the ar iter. The follo ing guarded commands model the ar itration phase of the

system. The t o master de ices 12 can e descri ed as
R
R
R IR NT R IR

The ar iter ¢r can e descri ed as



NT NT
NT NT

tr R
R NT NT n

ela ing the composa ility re uirement of modules
from dependent to idirectional types, e can control a larger class of modules.

There i a i irectional o ule , a control o ecti e
oer ,an o tate of uch that ¢ n le te controlla le .r.t.
y a & irectional controller ut not y a e en ent ty e controller.

Let e the module ith the aria les and the
follo ing guarded commands

The control o ecti e is . There is no dependent-type controller at any
state , ecause if the controller sets to , then ill set to . n the
other hand, if the controller sets to , then does not ha e an ena led
guarded command to assign a alue to . ut a idirectional controller can
ind the aria le to its output and set its alue to . The follo ing is a
possi le idirectional controller

Consider the single-step un no n-type control pro lem . As for
dependent-type modules, this control pro lem can e ie ed as a game played
et een the module and the controller on the -reduced micro-step graph

R , here is the most general idirectional en i-
ronment for , de ned y , , and aria le dependency re-
lation . A erte isa to noeif

. To sol e the game, e use the follo ing mar ing algorithm. A
stop node is mar ed if is true, or if it does not ha e any outgo-

ing -edges. For all other ertices , if it is a module erte , then it is mar ed
if all successors of are mar ed and if it is an en ironment erte , then it is
mar ed if some successor of is mar ed. The ans er to the gi en single-step
un no n-type control pro lem is Yesi the erte is mar ed.

If the ans er to the control pro em is Yes, then e can synthesize a idirec-
tional controller as follo s. e construct a su graph of the reduced micro-step
graph y eeping all successors of each mar ed en ironment erte , ut only
one mar ed successor of each mar ed module erte . This su graph, called the
control ra h, may not e uni ue. The follo ing o ser ation is crucial in e -
ery control graph there are no distinct ertices and

ith ut . e can therefore synthesize a idirectional controller
as a set of guarded commands from any control graph. The controller

has module aria les . For e ery en ironment erte in
the control graph, if is the uni ue successor of ,then eadd
to  the guarded command . Note that y the o ser ation on
control graphs, no t o guarded commands ha e identical guards. In summary,



the single-step un no n-type control pro lem for idirectional modules is no
harder than its counterpart for dependent-type modules.

The in le te wun mo nty e control ro le for i irectional
oule i PP C co lete. oreo er, if the an eri e, then a 1 irec
tional controller can e ynthe i e .

Also the single-step  ed-type control pro lem for idi-
rectional modules is no harder than its counterpart for dependent-type modules.

The in le te e ty e control ro le for i irectional o
wle © N Pco lete. oreo er, if the an er i e, then a i irectional
controller can e ynthe i e .

s etch The proof is ery similar to that for dependent-type modules.
ne adds to the list of things to chec that at each node of the guessed su graph
there is no con ict in the alue assignments to the aria les. B
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