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Abstract archy for clustering. First, each cluster is synthesized sepa-
rately and then the clustered data-flow graph is synthesized.
Complex system specifications are often hierarchicallyA lot of different clustering approaches have been presented
composed of several subsystems. Each subsystem contaigs far [1, 2, 3, 4, 5].
one or more processes. In order to provide optimization Hierarchical synthesis approaches, based on reuse of
across different levels of hierarchy, a synchronicity analysisalready synthesized modules as register-transfer compo-
of the concerned processes has to be performed during higments, need an extended library model. Here, the synthesized
level synthesis. The first step is the generation of a conRT descriptions of an arbitrary algorithmic module specifi-
densed graph representation of the inter-process communieation are kept in the library and can then be reused as a
cation. This graph is then utilized to detect inter-process“black-box” during synthesis of the overall system [6, 7].
communication which can be used to represent synchronizaHowever, most high-level synthesis systems do not provide
tion points between two or more processes. A synchronizaany optimization across different levels of hierarchy. Espe-
tion point represents the starting point of an interval in cially resources of different processes can not be shared. A
which the communicating processes run synchronously. Thifirst approach using a “white-box” module model, that pro-
interval is limited by unbounded data-dependent loops,vides resource sharing across different levels of hierarchy,
denoted as de-synchronization points. As a result, differenhas been implemented by themDy-Il system [8, 9]. The

processes can only share resources in such an interval.  Cappy-Il system considers the VHDL behavioral specifica-
tion, the RT structure, and the schedule of the modules dur-
1 Introduction ing synthesis of the overall system. Therefore, hierarchy can

be considered without applying inline-expansion, so that the
State-of-the-art high-level synthesis systems focussynthesis time can be kept low.
mainly on the synthesis of single process specifications. Due  In the past, first efforts have been achieved in modeling,
to the increasing design complexity, the synthesis of multi-simulation and synthesis of multi-process descriptions.
process specifications is becoming more and more imporMost of the approaches address the system level and provide
tant. Moreover, in modern system design, complex systemgrocess scheduling [10, 11], or performance estimation [12,
can be characterized as a hierarchical composition of conl3]. This paper is more about synchronicity analysis of
currently executing processes. Therefore, each module of already scheduled processes than process scheduling or per-
hierarchical specification contains one or more processedormance estimation. Goal of the synchronicity analysis is
Such a hierarchical specified system is illustrated in Figurgo find an interval in which the considered processes run
1. First efforts have been made in synthesizing hierarchica$ynchronously. Such an interval is limited by synchroniza-
as well as multi-process specifications. tion and de-synchronization points. A synchronization point
Several approaches have been proposed using the terfienotes an inter-process communication, after that the com-
hierarchical synthesis. The objective of most of the hierar-munication process proceed synchronously. A de-synchroni-
chical synthesis approaches is to reuse already synthesize@tion point denotes an unbounded data-dependent loop.
clusters or modules, during synthesis of the overall systeniience, an appropriate model is needed representing the
in order to reduce the synthesis complexity. inter-process communication and their dependencies. Until
Hierarchical synthesis approaches based on clusteringow, only limited work exists in this area. In [13] a message
techniques try to collect operations with a high similarity dependency graph is formed which represents the inter-pro-
measure into one cluster, or to use the loop/subroutine hielcess communication for each separate basic-block. There-
T his work s parially supported By the DFG research program “Rapidfore, contro_l structures.can_ r_10t .be taken i_nto account. This
Prototyping of Embedded Systems with Hard Time Constraints” underapproaCh aims at the S|mpllf|cat|on Of.the interface bEIVYe.en
R01030/4. concurrent processes. The approach in [12], for determining




timing bounds between consecutive communications doe®.1 Resource Sharing in Hierarchical Synthesis
not provide control structures, either. Finally, a very flexible
representation of communication has been presented in [14], In hierarchical synthesis, the entire system is synthe-
in order to calculate the worst case execution time of a syssized in bottom-up traversal of the hierarchy. After each
tem of communicating processes. However, this model ismodule is synthesized, the VHDL behavioral description,
limited to specifications without unbounded data-dependenthe RT structure, and the calculated module schedule are
loops. saved in the component library. During synthesis of the
Our approach allows the synthesis of hierarchical specimodules at a higher hierarchical level, the previously syn-
fication, where each module consists of one or more prothesized module information can then be used for sharing
cesses (Figure 1). One goal in hierarchical synthesis is teommon submodules across hierarchical levels. Main data
provide resource sharing across different levels of hierarchytructure for resource sharing in hierarchical synthesis is the
[8]. Due to the fact that each module contains at least on@ierarchical schedule, described in the next subsection. The
process, the resource sharing problem is applied to multihierarchical schedule provides information of an operation
process specification, which can be hierarchically struc-concerning their scheduled start time, their allocated com-
tured. One topic that has to be solved in this context is theonents, and their enclosed control structure including the
synchronization problem between different processes. iteration count. Based on this information it can be calcu-
In this paper we describe in more detail how synchroni-lated when a submodule is not in use and can be shared. In
zation points and de-synchronization points can be found, irorder to be able to share resources between different pro-
order to support resource sharing in hierarchical synthesiscesses, first an interval has to be determined, in which the
Section 2 outlines our hierarchical resource sharingconsidered processes run synchronously. Such an interval is
approach and gives some relevant definitions. Section Zalledsharing interval Within the sharing interval the influ-
addresses the construction of the communication deperence of the control structures has to be considered. This can
dency graph, which represents the communication structurge done by implicitly enumerating the clock steps of all
of a multi-process specification. The determination of thestates of the concerning processes which are competing for
synchronization and the de-synchronization points is prethe demanded resource. If the intersection of the sets of
sented in Section 4. Some examples, including the experiimplicitly enumerated clock steps is empty, then resource
mental results, are shown in Section 4. Finally, this papesharing can be performed. Further details can be found in
concludes with a summary in Section 5. Note that the syn{8]. In the context of this paper, we want to describe pre-
chronicity analysis presented in this paper can also beisely how the synchronization and de-synchronization
applied to other topics beyond resource sharing, like mini-points can be calculated, which define the sharing interval.
mization of the communication overhead by converting syn-
chronous into asynchronous receive operations. 2.2 Hierarchical Schedule

The underlying model of a module is not restricted to
specific synthesis limitations. A module may contain one or
more processes. Each process consists of a flowgraph, repre-
senting the algorithmic specification, a hierarchical sched-
ule, the generated RT structure, and the physical module
parameter. Now, the formal definition of a hierarchical
schedule is given.

Definition 1. A hierarchical scheduleof a processP is
denoted by the tupldS(P) := [V, E, t, OB, IC, M[Jwhere
* Vis a set of nodes representing clock steps, conditional
branches, or nested loops, respectively.
« EOLxVis asetof edges with:={v, OV :t(v) =
loop Ot(v;) = branch}, where
* the functiont(v;) O {operation loop, branch}t denotes
the type of a node O V.
The relationOP(v,), O v, O V & t(V,,) = operation
refers to the scheduled operations of the clockgep
e The functionIC(v)), O v, O V : t(v,) = loop returns the
minimal iteration counic,,;,, and the maximal iteration

Figure 1. lllustration of a Hierarchical Specification

2 Problem Definition

In this section, we outline our hierarchical resource
sharing approach. Then, the hierarchical schedule is defined
containing all information needed for hierarchical resource
sharing. Based on the schedule, a more compact graph is
derived representing only the information needed for deter-
mining the synchronization and de-synchronization points.



countic,,, Whereiteration countdenotes the number of tionality. Second, the double encircled nodes indicate syn-
iterations of a loop, which may depend on outer loopchronous receive operations with wait functionality. Finally,
iterators. unbounded data-dependent loops are illustrated by double
 The functionM(op), O op O OP(v,) refers to the circles with a grey ring and are denoted with U. More details
instantiated module or module type of an operatijan regardingCDG construction are shown in the next section.

The hierarchical schedul$S(P) of a process represents HS(P)  HS( PZ) CDGPy CDGP)
a tree, with the property that only nodes of typep or
branchcan have descendants. The children of one node rep- (D=,
resent the schedule of this loop, or branch path, respectively. ~Q L
The root node represents the entire process and has an infir R
nite iteration counti€,. = ). An unbounded iteration (V@ CR';D
count, which can not be statically determined, is denoted by, / o D

iCmax = U. In case of a statically determined iteration count,
iCrmin @andic,,,, are equal.

%

2.3 Communication Dependency Graph
_ ) ) F|gure 2. CDGsConstructed Out dfiS(P,) andHS(P,)
In the context of this paper, mainly the dependencies ot
different inter-process communications and the number of  The communication dependency graph is only used for
clock steps between consecutive communications are ofletermining the synchronizations points. Further investiga-
interest. Such information can compactly be represented a¥ons for resource sharing operates on the hierarchical
a communication dependency graph, defined as follows:  schedule again.

Definition 2. A communication dependency graph (CDG) . .
of a process is denoted BPG := [V, E, t, d[] where 2.4 Synchronicity Conditions

* Vis a set of nodes representing communication states or o -~
loops with unbounded data-dependent delay. A synchronicity condition can be formulated based on

« E0VxVis a set of directed edges describing the pre- the set of communication dependency graphs. This condi-

cedence dependencies between communication states tipn has to be fulfilled for all synchronization points. Each
data-dependent loops. communication paivg, v, is a potential candidate for a syn-

« The functiont(v) 0 { asynchron synchron unbounde} chronization point. The principal condition for synchroniza-
denotes the type of each nad@ V. tion points is, that the receive node has to be reached before
« The edge weights are represented by the fundan the corresponding send node. Before the definition of a syn-
v) with (v, v) O E, which returns the number of sched- chronization point can be given, several helpful functions
] in Vj ] . . . .
uled clock steps between two communications states Ogre defined. First, the set of all possible acyclic paths

tween a start nodg and an end node, of the CDG is
- | f : €
unbounded data-dependent loops of a process denoted byP(v;-V,). Secondly, the sum of the edge

A communication dependency grapltDG) is a  \eightsd of a given pattp O P is given byd(p), represent-
directed, cyclic graph which can be constructed from thejng the sequential time takeif p contains an edge with
hierarchical schedule of each process. In this graph, the coRgeight u, thend(p) becomes infinite. Thirdly, the relation
trol structure of the hierarchical schedule is flattened. As ay(p) refers to all nodes which are composing the path
result, theCDG contains no hierarchical structure, so that Finally, the set of all synchronization points of a gi@DG
the calculation of the synchronization points can be peris represented bgP(CDG(Y)), whereCDG(V) refers to the

formed efficiently. A small example of tw@DGs con-  cpG containing nodev. Initially, the setSP contains the
structed out of hierarchical schedules is shown in Figure 2yeset staté of each module.

cating processé3, andP, are shown. For the sake of clarity, Because the receive node has to be reached before the corre-
the hierarchical schedules are represented as state-transitigqionding send node, it is sufficient to consider only the
graphs. On the right side the construdB#(Gs are given for  shortest paths between the concerned communication nodes.
each process. A dashed line illustrates a communicatiofrhe shortest path between the nodes, is calculated by
channel between a send and a receive operation and be|0”9§1in(v1_>v2) ={p|d(p)<d(E)Op, p'OPMV-V,) Op#p?}.

not to the respective graphs. Three types of nodes can be pggsed orP,,,, the path®(v,) from all immediately pre-

distinguished. First, the single encircled nodes represen¢eding synchronization points to the considered send node
asynchronous send or receive operations without wait funcy_ can then be determined by



Ps(Vs) = { Pmin(Veync— Vs) | V'sync J N(Prin(Veync— Vs)) for all alternative paths. Due to the condition of definition 3,
0 Veyno V'syncd SP(CDG(V) O Veync # V'gynd - it is sufficient to consider only the patl,, and P,

Accordingly, the path®z concerning the receive node Hence, only the shortest and the longest alternative paths
v; can be formulated by using the longest acyclic path have to been constructed in t8®G. In case of a nested
instead of the shortest pa,;,. Note that the longest acy- branch or a consecutive branch structure without communi-
clic pathP,,,, is calculated only during one iteration of the cation, the shortest and the longest path, traversing the mul-
traversed loops. At each backward edge of a complete tratiple branch structures, are chosen. This avoids, that the
versed loop body, the delay of the loop body is multiplied bynumber of alternative paths is increasing, exponentially. If
the iteration count of the corresponding loop, if statically there exists multiple send or receive operations in different
known. Otherwise the longest path is marked as infinite. Thelternative paths, then the send and receive nodes can be col-
backward edges can easily be determined from the hieratapsed according to Section 3.4.
chical schedule. Since, the traversed subgraph is a directed The result quality is not influenced by such a simplifica-
acyclic graph with positive weights, the longest path can beion. That is because the calculation of the relatjarfore
calculated in polynomial time based on the algorithm shownv, uses the immediately preceding synchronization points
in [15], modified with respect to the above mentioned extenawhich calculation only bases on the shortest and the longest
sions. Hence, all pathi#(v;) from the preceding synchroni- paths.
zation points to the receive nodecan be calculated by

PR(Vr) = {Pma)(vsync—’ Vr) |V'syncD N(Pma)(vsync—’ Vr)) 32 Bounded LOOpS
O Vsyno V|sync[| SP(CDG(V)) Dvsync;t V|syn<}-

Now we are able to give the definition of a synchroniza-  Bounded loops can have a statically determined itera-
tion point and a de-synchronization point. tion count with equal bound,,, andic,,, or different
Definition 3. The nodes, v, of a communicatio€(v,—Vv,)  boundsicy, and icy,,, whereic,, represents the upper
are calledsynchronization pointsf the relationv, before v, bound andc,, the lower bound.

=maxd(p)| 0 p OPgV,)} <min{d(p)| O p O Pg(Ve)} First, we want to discuss the former loop type in more
is fulfilled. A nodev with t(v) = unboundeds called ade- detail. If the loop body, including their entire nested loop
synchronization point hierarchy, does not contain any communication, then the

entire loop is collapsed recursively to a single edge connect-

The definition of a synchronization point strongly influ- . . .2
. : ing the previous and the next communication nodes. The
ences the construction as well as the analysis of the commu- . L
L L ... edge weight becomes the product of the sequential time
nication dependency graph. However, it gives only a criteria . : T .
o o . : needed for one iteration of the loop and their iteration count
for verifying synchronization points and not a technique for.

2 o . ) icha IN the case that the nested control hierarchy of a loo
determining synchronization points. In Section 4 an algo- ™ y P

. . . . 2~ contains conditional branches, the edge weight has to be cal-
rithm is presented which calculates all synchronization .

. . . o culated for the shortest as well as the longest alternative
points with respect to the previous definition.

path. Note that the edge weight has to be calculated recur-
sively for the entire nested control hierarchy. If the loop
body contains a communication node, then this node is cre-
o ated together with an self-referring edge in @RG. This

The communication dependency graph has to be congqge js labeled by the sequential time needed for one itera-
structed out of the hierarchical schedule of each process. Iy, of the loop.
this graph, a sequence of operations is folded into a single Second, we want to discuss the latter loop type. In this

edge. The edge weights represent the respective number ghse the former technique for transforming a loop is applied
clock cycles needed to perform the sequence of operations,s \well. with the upper bourid,.., and the lower bound

The nodes represent send and receive operations of the higk A5 3 result. two edges are constructed in GG
min* H ]

archical schedule. In the following, the construction of the gimjjar 1o the transformation for conditional branches.
CDG is given, taken several control structures into account.

The construction is performed with respect to definition 3.3.3 Unbounded Data-Dependent Loops
Due to the limited space, no detailed algorithm for con-
structing theCDG can be presented.

3 Construction of the CDG

Loops with unbounded data-dependent iteration count
iChax = U represent the de-synchronization points and
strongly influence the determination of the synchronization
points. Such loops represent the unique feasible node type in

In contrast to approaches that calculate the worst casg,e cpg beyond the communication nodes. This node type
execution path, the synchronization points has to be validg aj1ed u-node During construction of th€DG, the u-

3.1 Conditional Branches



nodes can be handled similarly to the communication nodes4 Synchronization Point Detection

However, some exceptions exist. First, if the body of the

unbounded loop contains at least one communication node  Main task is the determination of all feasible synchroni-
at an arbitrary level of the nested control hierarchy, then theation points such that condition of definition 3 holds. Since
unbounded loop can be treated similarly to bounded loopsthe condition bases on an already determined set of synchro-
containing a communication node. That is because we wanfization points, a constructive algorithm is needed to find
to ensure that data is properly communicated between thghe synchronization points. Our algorithm is divided into
processes. That means no further messages are sent bef@fg phases. In the first phase, initially synchronous commu-
the previously sent message has been received via the safrations are determined, which fulfill the synchronization
communication channel. With this assumption it can be concondition between the reset state and the treated communi-
cluded, that both loops, from the send and the receive procation nodes. The second phase observes the processes after
cess, are unbounded and have similar loop conditionstheir initiation is completed. Objective is to determine the
Otherwise, some messages would be lost. If the body of thumber of wait states of each receive node. If the result is
unbounded loop contains no communication node at an arbinegative, then the corresponding communication is not a
trary level of the nested control hierarchy, then the entiresynchronization point. This can be done by formulating the
loop body can be disregarded, expect for the minimalsynchronization conditions as a system of linear equalities.
sequential time needed to perform one iteration. This valuerherefore, the functioB(P) is used, which constructs a lin-

is used as a minimum iteration constraint of a u-node. Secear function, representing the delay of a fattepending

ond, if an u-node is contained within an alternative path of &gn each communication node. A path can be represented as
conditional branch construct, then this branch construct doegn equality by using a slack variable, describing the wait

not need the alternative longest path, since this path istates of the receive node. After forming the equality system,

already covered by the u-node. all communication cycle€,q. are determined and ordered
_ in decreasing number of contained communication nodes. A
3.4 Node Collapsing communication cycle represents a closed loop of potential

synchronization points between two communication nodes.

In order to avoid the exponential growth of alternative Out of the seC,.,, communication cycles are chosen suc-
paths, two node collapsing rules are given, which can beessively which completely cover the communication nodes.
applied to arbitrary nodes. Multiple u-nodes in alternative For each chosen cycle, a linear equation system is created.
paths can be collapsed into a single u-node by applying th&he linear equation system has a totally unimodular coeffi-
following transformation. The incoming edge becomes thecient matrix, so that each real solution is also an integer
weightmin{ d(Pyin(Vit — V) | O v, O P(% - i)} and the out-  solution. A variable with a negative value denotes a not syn-
going edge the weiglal(P,,(Vit - Vz)) — min{ d(Prin(Vit - V) chronizing communication. The second phase of the algo-
| O v, O P(%-Vvp)}, wherevg andyv; are accessory nodes, rithm is shown in the following. The first phase can be
denoting the start and the end of a conditional branch conhandled similar, but instead of the communication cycles, all
struct and are only used for the sake of clarity. Actually, thispaths beginning at the reset state are considered.
nodes are only contained in the hierarchical schedule. Nev-
ertheless, because the node collapsing are performed durirfgnction DetectSyncPoint()
CDG construction, all necessary information are available. ~ foreach communication Ci(vs-v) with InitSyncmark do

A similar transformation can be applied to communica- foreach preceding (_:j(nSH M) with P(ns—vg) P(y ) do
. . . if D(Pmin(Ns— V) = D(PmaxNr — V) is not false then
tion nodes, with the exception that not only the shortest path create EQ(C;, G) := D(Pin(NsV9) = D(PranMy W)
but also the longest path has to be considered. The longestDetermine all communication cycles Ceyge
path transformation is defined as follows: the incoming edge Sort Ceyclein decreasing order of their number of nodes

becomes the weigimtax d(Ppa(Vit — Vo)) | O Ve OP (Vi - Vs)} repeat o
and the outgoing edge the wei k[I(P a>(V' V)) _ get first cycles Feygethat cover all Cj(vs— v;) with InitSyncmark
going 9 9 maxHif = Y EdcydFeycle = all equations E¢(C;, G) belonging to Feygle
max d(Pma(Vit - Vo)) | T Ve O P_(Vn* -V} Evaluate equality system sol := solve(EacydFcycid)
Furthermore, consecutive unbounded loops can be foreach i O variable(sol) with Ci(vs—v;) do
folded into a single u-node by adding the weights of the if i <0 then _
edges connecting all consecutive u-nodes to the outgoing mark Gi(vs- ;) with NotSync

foreach successor Cj(ns—ny) with P(vs—ng) OP(v; - n;) do

edge, of the last u-node in the sequence. Note that, commu-
9 d Feyele= FCycIe\ (Ci(vs—vy) - Cj(ns—’nr))

nication nodes are not being allowed in the u-node sequence  gge
to perform the u-node collapsing. All presented graph trans- mark Ci(vs—V;) with Sync

formations areP,,,and P.,path invariant, so that the syn-  until all Cj(vs—Vv;) have mark # InitSync or FcyceWas not changed
chronicity conditionv, before v, is not influenced.

Algorithm 1. Synchronization Point Detection (2nd Phase)



5 Experimental Results 6 Conclusions

In this section we present the results applied by our  This paper presented a new approach for synchroniza-
approach to an ethernet controller. We specified the etherneion point detection in hierarchical synthesis. Our approach
controller with respect to the description shown in [14]. In supports the analysis of multi-process specification with
that approach, the objective is to determine the worst casarbitrary control structures. Especially, loops with
execution time of a set of communicating processes. Howunbounded data-dependent delay are supported. The syn-
ever, the objective differs from our approach. Here, the ethchronization point detection is implemented in the high-
ernet controller is used as an example to detecievel synthesis @dDyY-Il in order to provide resource shar-
synchronization points in a multi-process specification. Ining across different levels of hierarchy or process bounds,
Figure 3 theCDGs are shown for the three processes of therespectively. Further areas of application are for instance the

ethernet controller. The processes are communicating vianinimization of the communication overhead by converting

the channel€,, C,, C;, C,, andC',, where the channels,

synchronous receive operations into asynchronous receive

and C', are representing a communication to multiple operations.

receivers. In the first phase all communications are

observed, whether they are initially synchronous. An ini-7 References

tially synchronous communication is a suitable candidate
for a synchronization point. During the main phase the syn{i]
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communication, as well. The upper shaded box shows the
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nodes are detected as initially synchronous. Note that the
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