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Abstract

The increasingly complex design of embedded sys-

tems creates the problems of specifying consistent and

satis�able rate constraints on process execution rates,

checking them for consistency and satis�ability, com-

puting process execution rates, and debugging rate con-

straint violations. The high complexity of these prob-

lems requires a complete and automated framework

to help the designer in producing correct systems in

shorter design time. We present such a framework

and its implementation in a tool called Ratan. Exper-

iments on large benchmarks show the suitability of the

tool for an interactive debugging environment.

1 Introduction

Embedded systems typically consist of several inter-

acting processes that operate in parallel and execute

at di�erent rates. These processes are implemented

in hardware as well as software. To ensure correct

timing behavior and achieve performance goals, de-

signers often impose constraints on the execution rate

of each process. These constraints are usually placed

under an overall view and in an ad hoc manner. As

the design goes along, it becomes more and more dif-

�cult for the system to conform to these constraints.

Due to the diverse interactions of the processes in the

system with one another and the system's environ-

ment, synthesizing even one process can create con-

straint violations for all the other processes. Design-

ers may need to make many re�nements as violations

occur. However, spotting these violations and debug-

ging them are tedious and di�cult tasks due to the

complexity and size of current designs, the number of

re�nements needed, and so on. For a correct design in

shorter time, these tasks should be placed on a �rm

basis and automated. This paper presents the basis

in a complete, interactive framework and its automa-

tion in a tool called Ratan. Our framework includes

modules to check the consistency of the imposed rate

constraints, compute the execution rate of each pro-

cess, and compare the imposed and computed rates to

check satis�ability. In case of any violations, it helps

debug these violations interactively. Experimental re-

sults on large benchmark graphs show that the tool is

quite fast for interactive work.

Previous works mostly focus on rate analysis in the

context of performance analysis of asynchronous, con-

current systems modeled using timed Petri nets [2, 6,

10, 12]. Their analyses are based on restrictive as-

sumptions, and most importantly, they lack a com-

plete framework for rate constraint debugging in the

form we present. [5] examines the problem by allow-

ing only non-pipelined implementation and a very lim-

ited interaction between component processes. [13]

discusses algorithms only to derive bounds on the ex-

ecution time of a set of processes. The rate analysis

part of our work is in part based on all these works.

A more detailed review of the previous works is given

in [11].

The rest of the paper is organized as follows. x 2

presents our process-based system model. x 3 formally

de�nes the process execution rate and the rate analysis

problem. x 4 discusses the complete rate analysis and

rate constraint debugging framework in detail. x 5

reports the experimental results. Finally, conclusions

and future plans are given in x 6.

2 Process Graph Model

Our model for an embedded system is a hierarchi-

cal, two-level model. Further developments of this

model are given in [3, 4, 11]. The high level uses a

process graph to represent the processes and their in-

teractions, and the low level uses a sequencing graph

to model each process.



The process graph GP = (VP ; EP ) is a weighted,

directed graph where each node represents a process,

and each arc represents synchronization and commu-

nication in a process pair. An arc from process pi
to process pj with integer weight (delay) dij indicates

that pi will enable pj after dij time steps using an en-

able signal. All processes are concurrently active, ei-

ther running or waiting for an enable signal. They can

start running independently for the �rst time; later, a

process will start running if it is enabled by all its pre-

decessors. Our model allows self-loops. A self-loop is

used to realize pipelined or non-pipelined execution of

a process, e.g., for pipelining, we restart an instance of

a process before its previous one terminates by mak-

ing the self-loop delay less than the process' execution

time.

Sequencing graphs [8] are directed, acyclic graphs

that capture both data and control dependencies in a

hierarchical manner. Nodes represent operations and

arcs represent sequencing dependencies among opera-

tions. Operations can be simple like an arithmetic op-

eration or complex like a loop. These graphs support

multiple threads of concurrent execution 
ow, which

all belong to a single process. Each arc from a process

node in the process graph actually originates from a

node in the sequencing graph of that process. Such a

node is called an enabling node. The delay on an arc

in the process graph is the time taken by the opera-

tions on the path from the source node to an enabling

node in the corresponding sequencing graph.

To be able to compute arc delays in the process

graph, we assume that all the delays in the sequencing

graphs are bounded. This assumption enables us to

use previous bound estimation techniques like [9]. As

pointed out in [9], determining exact execution time of

a program fragment is very hard. Thus, the execution

times are usually given in terms of lower and upper

bounds. For rate analysis, we only need such bounds,

so we use a delay interval as arc weights.

3 Rate Analysis Problem

Let xi(k) be the time at which process pi starts its

(k + 1)th execution. The start time of pi is given by

x(0). Since the predecessors of pi enable pi, xi(k) can

be de�ned as

xi(k) = max
pj2pred(pi)

fxj(k � 1) + dijg (1)

where k > 0 and pred(pi) is the set of predecessors of

pi in the process graph. The execution rate r(i) of a

process pi is the number of executions per unit time

and is de�ned as

r(i) =

�
limt!1

P
t�1

k=0
xi(k+1)�xi(k)

t

��1

=
�
limt!1

xi(t)

t

��1 (2)

if the above limit exists. This limit is well-de�ned for

any process graph regardless of the initial start times

of the processes [11]. The limit in the above equation

serves the purpose of �nding the periodic behavior of

the process graph. The rate analysis problem is the

problem of �nding lower and upper bounds on the

execution rate of each process in a process graph.

The execution rates are closely related to the cycle

delays in a process graph. The delay of a cycle is the

sum of the delays of the arcs on it. The mean delay

of a cycle is de�ned as the delay of the cycle divided

by the number of arcs on the cycle. The mean delay

gives the average weight of each arc on the cycle. The

maximum cycle mean of a digraph is the maximum of

the mean delays over all the cycles in that graph. A

cycle is said to be critical if its mean delay is equal to

the maximum cycle mean. The maximum cycle mean

of a digraph can be e�ciently computed using Karp's

algorithm [1, 7]. We also use this algorithm.

4 Constraint Debugging Framework
We now present our framework that uses rate anal-

ysis to interactively debug constraint violations in a

system. A 
ow diagram of this framework is given

in Figure 1. We implemented this framework in a

C++ program called Ratan. Sections below explain

the numbered steps in the 
ow diagram.

4.1 Step 1: Input Process Graph

The input process graph has weights on its arcs as

well as on its nodes. Arc weights are delay intervals

for enabling signals, and node weights are rate con-

straint intervals imposed by the system requirements.

Thus, each process pi has a rate constraint interval

Ii = [Li; Ui] where Ui (Li) is the upper (lower) bound

constraint such that we want to have Li � r(i) � Ui.

If there is no upper (lower) bound constraint, then

Ui =1 (Li = 0). In this step, we read in the process

graph and the given rate constraints. We also com-

pute the strongly connected components (components

for short) of the process graph and build the compo-

nent graph corresponding to these components. This

step has a running time linear in the size of the process

graph.

4.2 Steps 2{3: Consistency Check

We say that a set of rate constraints is consistent

if they can simultaneously be satis�ed for the given

process graph irrespective of the delay intervals on its
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Figure 1: The framework for using rate analysis for

debugging violations of rate constraints.

arcs. Thus, the consistency depends only on the topol-

ogy of the process graph. If the rate constraints are

inconsistent, the designer need to either modify the

constraints or alter the design to change the process

graph topology. We help the designer by reporting the

cause of the inconsistency.

How can we check the consistency of the given set

of rate intervals? Our algorithm runs in linear time

and is based on the following result. Let Cj denote

a component of the process graph. De�ne the inter-

section of Cj as I\j =
T

pi2Cj
Ii, and the minimum

of Cj as Imin
j = min(I\j ;minCi2pred(Cj )fI

min
i g) if Cj

has predecessors (denoted pred(Cj)) or I
min
j = I\j if

it has no predecessors. (Note that the minimum of l

intervals is min(I1; I2; � � � ; Il) = [minifLig;minifUig],

the intersection of two intervals Ii and Ij is Ii
T
Ij =

[maxfLi; Ljg;minfUi; Ujg], and Ii < Ij if Ui < Lj.)

Then, a set of given rate constraints is inconsistent

if either there exists a component Cj of the process

graph such that I\j = �, or there exists a component

Cj for which I
min
j < I\j . Intuitively, the �rst condition

holds since if the intersection of the rate constraints is

empty, then it is impossible for a computed execution

rate to fall in this intersection. The intuitive proof of

the second condition is given in next section.

The algorithm �rst computes the I\j for each com-

ponent Cj. If this interval is empty for any of the com-

ponents, the given rate constraints are inconsistent.

If not, the algorithm topologically sorts the nodes of

the component graph, and then traverses the nodes in

topological order to compute Imin
j for each component.

At the same time, the second condition is checked. If

the check fails, the given constraints are again incon-

sistent. If they are found to be inconsistent in either

case, we go to step 3 to exit by outputting the cause

of the inconsistency and the component for which the

inconsistency is found for the �rst time.

4.3 Step 4: Rate Analysis

Our algorithm used in this step computes the ex-

ecution rate of every process, and is based on Karp's

algorithm. We also keep enough information in the al-

gorithm's data structures to determine critical cycles

needed in later steps. This step runs in O(jVP jjEP j)

for a process graph GP = (VP ; EP ), and is the most

expensive step in terms of running time.

In case of only one component, we use Karp's al-

gorithm to �nd the maximum cycle mean of the com-

ponent. The execution rates of all the processes in a

single component are the same, and they are all equal

to the inverse of the maximumcycle mean of the com-

ponent [10]. The process start times do not a�ect this

mean [11]. One technicality here is how to handle the

delay intervals, as Karp's algorithm assumes a single

weight on each arc. Our strategy is to determine a

rate interval in which the process execution rates are

guaranteed to fall. By setting the delay of each arc to

its upper bound, we compute the lower bound of the

rate interval, as any delay value smaller than the up-

per delay bound can only decrease the maximumcycle

mean or increase its inverse. Similarly, by setting the

delay of each arc to its lower bound, we compute the

upper bound of the rate interval.

In case of more than one component, we have to

take care of the process interactions. Consider two

components P and C (for Producer and Consumer)

with rate intervals [rl(P ); ru(P )] and [r0l(C); r
0

u(C)],

respectively, where P is a predecessor of C in the

component graph. Intuitively, if P is slower, C



has to wait for it because P enables it, or if C is

slower, then C cannot execute faster just because P

wants it to. Hence, the actual rate interval for C is

[rl(C); ru(C)] where rl(C) = minfrl(P ); r
0

l(C)g and

ru(C) = minfru(P ); r
0
u(C)g. Similar reasoning also

explains the second condition for the consistency check

in the previous section. To compute the actual rate in-

tervals for all the components, our algorithm traverses

the components in topological order and updates their

rate intervals using the result above. The rate inter-

vals of components without any predecessors do not

change.

4.4 Step 5: Satis�ability Check

Assuming that the given set of rate constraints is

consistent, and that the process execution rates are

computed, this step tries to verify if the given set of

rate constraints can be satis�ed. We say that a given

rate constraint interval Ii = [Li; Ui] on a process pi is

satis�ed if the computer rate interval r(i) falls in Ii,

or is violated if not. Note that the consistency of a

given set of rate constraints does not imply their sat-

is�ability but once they are inconsistent, they cannot

be satis�ed either.

Our algorithm in this step runs in linear time and

works as follows. We compare the computed rate in-

terval of each component Cj �rst with the intersection

I\j and then with the minimum Imin
j . If the computed

rate interval is not contained in I\j or Imin
j , then the

given set is violated. In the former case, the viola-

tion is due to at least one process in Cj, and by going

over each process in Cj, we output all the violations.

In the latter case, we output the component causing

the problem and expect the designer to correct the

problem.

4.5 Steps 6{10: Processing Critical Cy-
cles

As the critical cycles determine the execution rates,

we should focus on the processes on critical cycles in

case of a constraint violation. Our rate analysis algo-

rithm can output a critical cycle for the designer to

work on. (It is also possible to determine more than

one critical cycle at the same time.) We can also de-

termine if any of the self-loops is a critical cycle.

A redesign can involve changes in the process topol-

ogy or processes in the output critical cycles. Assum-

ing that the topology stays the same, the designer can

do the following to eliminate some constraint viola-

tions. If there is an upper (lower) bound violation for a

process, it indicates that the process is faster (slower)

than required. The designer should slow down (speed

up) the process. If the process is on a critical self-

loop, we determine how much slow-down (speed-up)

is required, and the designer can adjust the weight of

the self-loop. If not, the designer should analyze the

processes on critical cycles and redesign some or all of

them accordingly. A slow-down can be achieved by in-

troducing additional delay on some critical cycle arcs.

Note that a single change in a process can a�ect many

other processes, and it may be very di�cult to predict

these interactions precisely. That is why we need to

go back and start the whole process again. Since our

tool is very fast, many interactive reruns are possible

in debugging a violation.

4.6 Extensions

The above analysis assumes that enable signals are

issued unconditionally. However, if an enabling vertex

is in a conditional branch, then it issues an enable sig-

nal conditionally, corresponding to a conditional arc.

For such situations, we need to make two assumptions:

(1) each branch of the conditional that contains the

enabling node has a non-zero likelihood of being ex-

ecuted, i.e., the signal is really conditional, and (2)

there is no arc, directly or indirectly, from the enabled

process to the process issuing the signal, i.e., there is

no deadlock due to this arc. Due to the second as-

sumption, no critical cycle can contain a conditional

arc; however, conditional arcs can a�ect the computed

rate intervals of the processes. Since we are interested

in guaranteed rate bounds, we can perform two rate

analyses to �nd them, one with and another without

the conditional arcs.

5 Experimental Results

Interactive rate constraint debugging requires a fast

response time. To show the feasibility of our tool for

use in an interactive debugging environment, we per-

formed rate analysis and typical constraint violation

scenarios on several large high-level synthesis bench-

marks derived from several sources. We converted the

benchmarks from HardwareC to sequencing graphs,

and enclosed each sequencing graph operation in a

separate process. This is done to simulate the worst-

case HDL model, whereas a typical case would contain

signi�cantly less processes.

The benchmarks and the running time of the tool

for each of them are given in Tab. 1. We did these

experiments on a Sun SPARCstation 20 with 64 MB

real memory running under SunOS R.5.4. For each

benchmark, the table lists its source, name, parts, size,

and the running time. Small parts in a benchmark

were selected for completeness, e.g., noise is a part of

ecc. The running time is the sum of the total user and

system CPU times and is in seconds. As can be seen

from the table, the running times are very small even



for large instances, making the tool quite suitable for

interactive debugging.

Table 1: Benchmarks and Running times (in seconds).
Source Name Part #Nodes #Arcs Time

Olympus cruiser Calib 107 117 0.0
Olympus Clock 32 38 0.0
Olympus Display 60 66 0.0
Olympus Getinfo 2082 2751 10.0
Olympus State 301 353 1.0
Olympus Temp 3 2 0.0

HLSynth92 di�eq 172 204 0.0
HLSynth91 ecc decoder 145 162 0.0
HLSynth91 encoder 119 131 0.0
HLSynth91 noise 4 3 0.0

HLSynth92 gcd 49 55 0.0
HLSynth92 elliptic 307 344 0.0

HLSynth91 mc6502 group0 2219 2410 4.0
HLSynth91 group1 620 671 0.0
HLSynth91 group2 2928 3198 6.0

HLSynth91 parker86 172 177 0.0
HLSynth91 tseng 136 161 0.0

6 Conclusion

We have examined the problem of checking the con-

sistency and satis�ability of rate constraints, the prob-

lem of computing process execution rates, and the

problem of debugging constraint violations in an em-

bedded system. Due to the high complexity of each

problem, especially that of checking and debugging,

and the need for correct, faster designs, a complete and

automated framework is needed. We presented such

a framework, and its implementation in a tool called

Ratan. Our experiments on large high-level bench-

marks show that the tool is considerably fast for an

interactive debugging environment. Our future plans

include re�ning the process model to include loops

at the process graph level together with condition-

als (x 4.6), determining the \best" places for delays

on critical cycles in case of upper bound violations

(x 4.5), and optimizing the tool even further.
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