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ABSTRACT

A main advantage of control composition with modal processes
[4] is the enhanced retargetability of the composed behavior over
awide variety of target architectures. Unlike previous component
models that hardwire the coordination behavior either explicitly in
the components or implicitly in the underlying model of computa-
tion, modal processes decouple component functionality and coor-
dination protocols. Retargetability is achieved through the synthe-
sis of distributed mode managers, which abstract away low-level
synchronization and control communication detailsthat would oth-
erwise be exposed to the component designer. This paper presents
an algorithm for the synthesis and optimization of distributed co-
ordination controllers by computing an optimal projection of the
global state space onto each processor. It not only minimizes inter-
processor communication traffic for coordination but also reduces
controller complexity by minimizing replication.

1. INTRODUCTION

In IP-based design, designers must be concerned with the integra-
tion of high-level components. A central issuein systemintegration
is that components must have compatible protocols. Otherwise, a
variety of “glug’ mechanisms must be inserted for protocol trans-
lation.

Now, the term “protocol” appliesto many levels. At the low level,
designersare concerned with signaling on the pins and the datalink
layer. Going up the protocol stack, another layer might be con-
cerned with packetization or session establishment. What is usu-
ally overlooked isthat above the communication protocol stack, the
components must also agree to another kind of a protocol, namely
coordination. Coordination governswhat diff erent componentsmust
doto perform atask collectively. For example, one component may
perform one computation while the other component handles com-
munication, or a set of components may run in low-power mode,
which may necessitate other components to reconfigure accord-
ingly.

The difference with coordination is that, unlike lower-level pro-
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tocols, which are concerned with the transport of communication
messages or signals, coordination protocols cannot be easily sep-
arated out with an API; instead, they are deeply ingrained in the
component’sfunctionality. As aresult, they are the main cause for
component modification and are becoming a serious obstacleto IP
reuse.

The modal process model [5] was proposed to address some of
these fundamental problemsin IP reuse. It defines each compo-
nent’scoordination behavior declaratively, rather thanimperatively;
moreover, this representation for coordination is composable. The
implication is that the coordination controllers required for system
composition can be synthesized and optimized for each composi-
tion. Another key benefitisthat this separation of policy and mech-
anism exposes many optimization opportunitiesfor distributed tar-
get architecture. It isthusthe goal of this paper to explore the syn-
thesis and optimization of distributed embedded systems modeled
with modal processes.

This paper first provides a brief review of modal processes and
compares them with other approaches. Next, we propose a num-
ber of strategies commonly considered in partitioning. We then
present an algorithm for optimizing interprocessor control commu-
nication in distributed architectures. The results from applying this
algorithm are shown and discussed.

2. RELATED WORK

Today’s component model's can be classified many ways. They can
be either platform-based or interface-based [13]. They can also be
domain specific, and normally this meanseither data-dominated or
control-dominated.

Platform-based componentsare designedfor integration on specific
implementation frameworksor infrastructures. These could be spe-
cific boards or busses; in the case of software components, the plat-
form is usually the middleware or the operating system. Platforms
are afast way to assemble systems that can be operational shortly.
In addition, platforms can be long lasting, and they may support
system evolvability and incremental upgrade. They must standard-
ize on protocols at multiple levels and often also fix architectural
assumptions. While this may be desirable, the overhead may be
prohibitive for small, cost-conscious or high-performance embed-
ded systems.

Interface-based components are only known by their outside inter-
faces, which may be defined at severa levels as well. They are
not tied to specific platforms. Their interfaces are flexible or ab-



stract, such that one or more layers of the protocol stack can be
replaced without affecting the component functionality [8]. How-
ever, synthesisis required to map the abstract constructsto thosein
the concrete platform before the systemis operational.

Today’s component models, whether platform-based or interface-
based, commonly force designersto express coordination as an in-
separable part of component functionality. This is especidly true
with most control-dominated, FSM-like models (StateChart and
variants[15], Esterel [2], SDL [16]) or object-oriented modelscom-
posed by method calls. Attempts to capture coordination using hi-
erarchical state machines have resulted in overlapping states [10],
which are difficult to understand and reuse. Another approachisto
limit the components to specific classes of coordination protocols.
Severa abstract models exploit patterns in the behavior to enable
optimizations. For example, synchronousdataflow [12] (SDF) co-
ordinates by data dependency and has fixed input-output correla-
tions, communicating sequential processes[11] (CSP) coordinates
by rendezvous and has the property of speed independence. These
properties enable the optimization of the coordination mechanism,
usually in theform of astatic scheduler that incursno runtime over-
head. However, these are domain specific solutions.

Several models have been proposed to address the problems with
hardwired coordination protocols. Synchronizers[9] are away of
extracting synchronization policies from the objects and enabling
their substitution. Mediators [14] bind method calls to events such
that coordination changes need to be reflected only in the binding,
rather than in the components. Both are software frameworks and
thus they are not amenable to automeatic, topology-specific opti-
mizations or real-time scheduling. As a more abstract, interface
model, DCCA [1] is perhaps the closest to our approach in that
components are detached from their coordination behavior, which
is stated in boolean algebra terms and synthesized as distributed
controllers. They support a broadcast run-time environment, al-
though broadcast may not be suitable for all architectures. Our
proposed technique does not require broadcast and should be able
to readily complement their work.

Our modal processes model takes an interface-based approach to
high-level component modeling. It lets designers compose compo-
nents by specifying correlations on the modes of operation. These
correlations capture not just synchronization or invocation but also
mirroring, exclusion, sequencing, and many combinations of pat-
terns required for coordinating concurrent processes. Decoupling
coordination and component functionality enhancesmodul arity and
enables synthesis and optimization of coordination controllers for
any topology, and this would not be possible with platform-based
approaches.

3. SYSTEM DESIGN FLOW

The designer creates a high-level model of the system by instanti-
ating componentsand composing them. The components, modeled
as modal processes, have portsand modes ontheir interfaces. Ports
are for data composition while modes are for control composition.
As in many models, ports are connected by channels; the unique
feature about modal processes is that modes are related to other
modes by constraints called abstract control types (ACT). These
specify the rules on how one mode change can imply another set of
mode changes, and they are the primitives for defining coordination
protocolsin a declarative way.

A mode changeis called avote, and it is generated by the process

that owns the mode. ACTSs constrain modes by effectively speci-
fying a set of transfer relations on mode changes, astheir purpose
is to imply additional votes. Each ACT instance can be written
asact Name(list of modes constrained). Each ACT is sensitiveto
changesto asubset of itsmodes, and it triggers mode changesto an-
other subset in response. One exampleof an ACT isuni f y, which
is sensitive to al mode changes and propagates them to all other
modes. Another example is par ent (m, c[1..n]), which mimics
a hierarchical state machine: when the superstate m exits (deacti-
vates), al children c[1..n] must deactivate; activating any child c[i]
activates m as well. Another example is guar di an, avariation
where the children are disallowed to activate when m is inactive.
Thereader isreferred to [3] for amore detailed list of ACTSs.

Once specified, the designer then maps this abstract model onto a
target architecture. We assume the designer supplies the system
topology for the purpose of system optimization; other details used
for communication-level optimizationsare outside the scopeof this
paper. The separation of behavior from architecture is oneway we
achieve better retargetability and expose optimization options.

Once both the abstract behavioral model and its mapping to the tar-
get architecture are obtained, then the synthesistool implementsthe
mechanisms needed to enable the system-level integration of these
components. This paper deals with the realization of those mode
relationships. When one component makes a mode change that
affectsthe modes of componentson remote processors, those com-
ponents need to be notified of the mode change with a message, to
which they may respond with acknowledgmentsor by synchroniza-
tion. These control messagesare dependent on not only the target
architecture but also on how the designer maps the componentsto
that architecture. By automating the synthesisof these control mes-
sages, we further eliminate low-level, architecture-specific design
tasks that are exposed to the designer in other component models
today.

4. STRATEGIESFORDISTRIBUTED CON-
TROL

A mode manager must have access to a projection of the system
configuration, where a configuration is a bit-vector representation
of the component modes. Different projectionsare kept coherent by
means of interprocessor communication. To take full advantage of
distributed architectures, a partitioning algorithm should minimize
communication among mode managers and minimize projection
sizes. However, in general it is not possible to satisfy both goals,
and the designer must make tradeoffs. Thissection considersafew
strategies for replication vs. communication tradeoffs.

We will use arobot exampleto illustrate the concepts. We assume
that the robot has five processes that are mapped onto three pro-

cessors: joystick and pilot processesare on processor P1, bumper
process on P2, and sonar and wheels processes on P3. Several

partitionings of the mode manager are possible for a given process
partitioning. The semantics of the actual ACTs should be of no
concern.

4.1 Minimal replication

To minimize replication, one can host an ACT on the processor
that hosts the most modes constrained by the ACT. This approach
requires no replication of ACTs. For example, in Fig. 1 the ACT
instance uF([F, P, Fd]) is placed on P3 because it hosts the ma-
jority of the modes constrained by uF, namely {P, Fd}. Tiesare
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Figure 1: Minimum replication of ACTSs.
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Figure 2: Partitioning of the robot example onto three proces-
sors with more ACT replication, requiring only original votes
to be communicated.

broken arbitrarily, and replicated modes are those constrained by
the ACT but not homed locally. No ACTSs are replicated, and the
choice of host for each interprocessor ACT minimizes the number
of replicated modes. Thereceiver replieswith an ACCEPT or DENY

message.

Minimum replication incurs more communication than necessary,
and thus is expensive for distributed topologies. Consider the case
when switching to manual mode, P1 needs to communicate +M
(i.e., activate mode M) to P3, and —A (deactivate mode A) to P2.
On P2, uA transitively propagates —A to mode S, and the ACT
gS implies additional mode changes {—F, —R, —T}, which are
in turn communicatedto P3. It is slow becausethe communication
and replies are propagated serially: P3 must accept these messages,
reply to P1 and P2, and P2 in turn repliesto P1. P2 also commu-
nicated {—F, —R, —T} unnecessarily, since it would have been
possible to deduce them from the gS ACT locally from —S.

4.2 Maximal ACT replication

One attempt to reduce communication is to transmit only original
mode changes initiated by the components, by maximizing local
evauation of transitive votes. Fig. 2 shows the same robot parti-
tioned according to this scheme. P1 needs only its loca ACTs:
not (D, E), mu([M, A]), and gdE(E, [M, A]). No other ACTs or
modes need to be replicated, because no other ACTs can vote on
their modes directly or indirectly. Both P2 and P3 contain an en-
tire copy of the ACTs, because both are able to vote directly or

sending {-D} without
changing mode on
processor 2

» time
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Figure 3: Example of wasted communication in the case of
maximal ACT replication: —D is sent P2, even though in this

case the vote is a don’t-care and results in no mode change on
P2.

indirectly on the modesthey host.

A possibly surprising result is that maximal replication does not
necessarily minimize communication, either. For example, inFig. 3
supposethe system s initialy in D mode when a mode change of
+E isrequested. P3istold to go to M mode; however, the com-
munication to P2 is wasted, because it changesonly the replicated
modes without affecting any modes hosted on P2. In other words,
it fails to exploit tempora don’t-cares and results in unnecessary
communication.

4.3 Optimization strategy

Optimal partitioning is somewhere between the minimal and maxi-
mal replication schemes. Standard min-cut partitioning algorithms
can be applied to determine the optimal cross-section bandwidth
required in the worst case; however, the actual bandwidth may be
smaller, as only a subset of votes is ever needed at one time. An
optimal partitioning would project just enough ACTsand modesto
eliminate wasted communication.

Fig. 4 shows an example of eliminating the unnecessary commu-
nication to P2 by moving the communication boundary to A. This
not only obviates the need for replicating not (D, E), mnu([M, A]),
and gdE(E, [M, A]) (in the shaded region) on P2, but it also saves
communication. On deactivating D mode, P1 transmits {—D} to
P3 only, not to P2. P1 communicateswith P2 only when the mode
change affects mode A. This partitioning reduces communication
and replication. We next present an algorithm that automeatically
finds this minimum cut.

5. MODE MANAGER PARTITIONING

This section presents an algorithm for minimizing communication
as the primary objective and reducing ACT replication as the sec-
ondary objective. The main idea is to start with a full projection
onto each processor, and then find aminimum cut in each projected
ACT graph for reducing communication.

5.1 Representation
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Figure 4: Example of ACT partitioning that minimizes com-
munication bandwidth. Moving the communication boundary
from (P1.D — P2.not) to (PL.D — P2.uA) eliminates unnec-
essary communication from P1 to P2 and reducesreplication,
sincethethree ACTsin the shaded region on P2 are no longer
needed.

The input to the mode-manager partitioning agorithm consists of
the graph of ACTsand the allocation function a. An ACT-instance
graph is a data structure that connects the ACT instances by the
sensitivity of their arguments. The sensitivity of an argument isthe
set of vote values that causes the ACT to imply additional votes
on other mode arguments. For example, in par ent (m,c[1:n]),
m’s sensitivity is the singleton set {—}, or the deactivation value,
because it causes the ACT to imply deactivation votes on all of
c[1:n]. Similarly, sensitivity of c[1:n] is the singleton set {+}, or
the activation value.

The graph can bedefined asG = (V,E), whereV isthe set of ACT
instancesand E C V x V is the set of directed edges connecting
pairs of ACT instances. Each ACT instance constrains an ordered
set of modesr € R. We write rY to denote the i-th argument of
the ACT instance v. The ACT-instance graph is constructed by
linking mode arguments by sensitivity. These edgesare called arg-
links. For example, in Fig. 5(c), guar di an can vote —F, and
both parent.F and unify.F are sensitive to deactivation values. As
aresult, we add an arg-link accordingly.

An dlocation a is a function that maps a process Tt € I to its pro-
cessor number [1,n], and we say that the process 1t is homed on
processor o(TT). Because a mode belongs to exactly one process,
we overload the function a to map a mode to its processor 1D,
without ambiguity, namely a : M — [1,n]. The mode m is then
said to be homed in process 1t on processor a(m) = a (). Theal-
gorithm projects the modes and ACT instances onto the individual
processors according to the allocation. The output consists of the
projected ACT-instance graphsfor each processor and the interpro-
cessor communication edgesEc.

5.2 Algorithm

Thealgorithmisshownin Fig. 6. It usesthe MAX-FLOW MIN-CUT
algorithm to determine the boundary for control communication
that incurs the least cross-section communication bandwidth. The
boundary also dictates which ACTs and modes need to be repli-
cated. To solve this problem as an instance of max-flow min-cut,

sensitivity {0} {} {}{}

guar di an@|| | 8 |

votability {} {a}{a}{a}

() ACT that can register 3 votes (b) equivalent flow network with
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Figure5: ACT and the corresponding flow network.

the algorithm constructs a flow network for each processor. A flow
network is an abstracted representation of the ACT-instance graph,
with local modes and local ACTs locked down as the sinks, and
a set of remote modes and ACTSs as the sources. Once the cut is
determined, the vertices (modes and ACTs) on the source side re-
main remote, while those on the sink side must be replicated if not
initially local.

5.21 Flow Network Construction

The corresponding flow network can be constructed based on the

ACT instance graph. The number of votes an ACT can cast is
represented as the edge capacity between a pair of nodes (in, out)

in the network. For example, the ACT guar di an(E, [F R, T])
(Fig. 5(8)) can be represented as a pair of vertices with an edge
of capacity 3, the number of modes that this ACT can register
(Fig. 5(b)). All incoming arg-links (Sec. 5.1) in the ACT instance
graph correspond to incoming edges to the in-node; al outgoing
arg-links correspond to outgoing edgesfrom the out-node. One dif-

ferenceisthat if amodeargument fansout to several ACT instances
(asin Fig. 5(c)), then the out-node must first be connected to anew
node with aone-capacity edge beforefanning out (Fig. 5(d)). Thus,

asingle voter cannot generate more than one vote. As a shortcut,

arg-links between the same pair of ACT instances can be grouped

into a single edge with the capacity equal to the number of arg-

links.

5.2.2 Partitioning Loop

The same network is used for the partitioning of all processors,
except different nodes are designated as sources and sinks. The
sources and sinks are amechanism for the algorithm to lock in ver-
ticesthat arefixedin apartition. For notation, M' isthe set of modes
homed on processor i. The set of verticesV consistsof all the ACT
instances, and V! is the subset of those ACTs v that constrain only
M'. Theset X =V — (|J{L4 V') contains ACTsthat constrain modes
across processors. For the purpose of max-flow min-cut on proces-
sor i, the nodesthat correspond to the verticesin V' are marked as
the sinks, and they are al connected to a unique supersink by an
edge with infinite capacity. The sourcesin the flow network are
the remote modesW(i) = {m! € MJ,i # j} whose processes can



ControlPartitioning(ACT instancegraph G = (V,E),
alocationa : M — [1,n]) {
H := BuildFlowNetwork(G, a);
X =V —(UL,V'); /* interprocessor ACTs*/
fori:=1tondo
N :=H; /* makea copy */
create new N.sources, new N.sink t;
foreachweW(i) = {ml e M!)i # j} do
N.edge := N.edge U (s,w) with o capacity
foreachv e V' do
N.edge := N.edge U (v,t) with co capacity
(ST!) := MAXFLOWMINCUT(N,s,t);
* T' capturesthe projection */
end for
/* find home for any unhomed inter processor ACTs X */
foreach x € X do
if x¢ T'Vi /* xishomeless*/
/* pick processor j that hosts most of X's modes*/
Ti:=Tiuxsuchthat [xi| > [x<#];
end foreach
returnTL,... , T™ /* projectionson processorsi ... n*/

}

Figure 6: Partitioning algorithm for optimizing inter processor
coor dination communication.

indirectly vote on M'. The set W(i) can be determined by simply
following the arg-linksin V! in reversein the ACT instance graph.
A supersource hode can be added to the flow network.

To compute the max-flow min-cut, several standard algorithms can
be applied, including Ford-Fulkerson or the Edmonds-Karp imple-
mentation [7], which runsin O(VE?) time. Thecut ¢ = (ST')
determines the projection: Sis the set of vertices on remote proces-
sors, and T' isthe set for thelocal processori. Thecut set represents
thevotesthat are registered and transmitted by remote processesor
ACTSsto thelocal processor i. Theoretically, the max-flow min-cut
algorithm would allow votes to propagate in the backward direc-
tion, but in this construction, they are not possible because those
communications would have been eliminated by ACT duplication.
Note that T' includes nodes for V' by definition, but it can also
include nodes that correspond to members of V171 and of inter-
processor ACTs X. While each intraprocessor ACT V' has a well-
defined home processor (namely i), the interprocessor ACTsx € X
do not have a predetermined home processor, and at |east one must
be assigned. If acut T' does not include an x € X, then x must
be implemented on at least one of the other processors j #i. The
partitioning algorithm is run n times for n processors.

Example

Consider thesimple hierarchical FSM-like exampleshownin Fig. 7.
The system hassix modes, {B, C, D, E, F, G}. For the constraints,
modes B and C are constrained by the nut ex ACT niL([B, C]),
and they are also constrained as par ent ACTsgl1(B, [D, E]) and
g2(C, [F G]), respectively. Suppose the designer partitions the
modesinto two sets, {B, D, E} and {C, F, G}.

To construct the flow network, each ACT instanceis turned into a
pair of vertices connected by an edge with the capacity equal to the
number of modes. For example, each processor can vote on three
modes ({B, D, E} on P1and {C, F, G} on P2). They are shown

Figure7: (&) An ACT-instance graph and (b) the flow network
as input to MAX-FLOW MIN-CUT. To determine the incom-
ing control communication bandwidth for P2, ACTs that are
homed on P2 are marked as sinks in the flow network (light
gray), and P1'ssource ACT ismarked asthe sourcein the flow
network (inverted).

Figure 8: Two min-cutsfor the example.

in the flow graph with a capacity-3 edge between the two vertices
that are enclosed by the corresponding dashed box. The ACTsgl

and g2 aresimilarly constructed. Thenut ex ACT il canregister
two votes, but the votes are individually fanned out. Therefore,
additional fan-out nodes B and C are introduced to limit the edge
capacity to one unit.

To determine the projection on P2, the sinks for the flow network
are first chosen. They correspond to V 2’'s ACTs, namely g2 and
the two polar vertices for modes homed on P2. The source nodes
for the flow network can be determined by following the edgesin
the ACT instance graph backwards from V2 to all remote voters,
and these are P1's source ACT. Two cuts have the same max flow
of 1, as shownin Fig. 8. The cut shown on the left indicates that
P1 should transmit activation of B to P2 for the evaluation of the
mut ex ACT ni, which is implemented on P2. The one shown
on the right does not have a copy of mlL; however, it assumes P1
transmits the activation of C to P2 after having evaluated mlL on P1.

6. CONCLUSIONS

This paper presents the synthesis and optimization of distributed
coordination controllers, or mode managers. Today’s models re-
quire designersto sprinkle control messagesfor coordination, which
can be architecture specific, error-prone, and difficult to change. By
synthesizing and optimizing these coordination mechanisms, we
enable design space exploration and enhance component reuse in

control-dominated applications.



Unlike other automated partitioning tools, our technique is agnos-
tic to functional partitioning, which may be user-guided or auto-
mated. Instead, we automate the optimization of coordination,
which can be cleanly separated from component functionality, and
this is made possible by the component model with modal pro-
Cesses.

This tool has been integrated into an embedded systems codesign
framework [6], with specific support for control composition. Such
atempora approach is important for real-time constraints. More-
over, inlow-power systems, componentsmust be ableto coordinate
the power modes, in addition to coordinating functionality. Our
work represents afirst step towards enabling higher level designin
this increasingly more complex problem space. Our future work
includes not only addressing the issues specific to power coordina-
tion but also integrating our control-dominated coordination with
formal dataflow models.
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