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Abstract
This paper describes new algorithms for system-

level software synthesis, namely the scheduling and al-
location of a set of complex tasks running at multiple
rates on a heterogeneous multiprocessor. The tasks
may have precedence constraints within them. The
multiprocessor may be composed of both programmable
and �xed-function processing elements and may have
arbitrary interconnect topology. Our hierarchical algo-
rithm takes advantage of the hierarchical structure of
the system's task graph to hierarchically allocate and
schedule processes on the multiprocessor to meet the
hard real-time constraints on the tasks. Multimedia is
an important application of our algorithm.

1 Introduction
This paper describes a new, hierarchical algorithm

for software synthesis of multi-rate systems on mul-
tiprocessors. Starting from a task graph, which de-
scribes the process structure of a system which must
meet periodic deadlines which occur at several di�er-
ent rates, our algorithm allocates processes to process-
ing elements (PEs) and communication to communi-
cation channels and hierarchically constructs a sched-
ule which guarantees that all the sub-tasks will meet
their deadlines. The allocation and scheduling is done
interactively. Because the architecture of the multi-
processor is an input to synthesis, our scheduling and
allocation algorithm is widely applicable.

Our work was originally motivated by multimedia
applications, although the same techniques can be
used in the design of systems for other applications.
Multimedia is a challenging software synthesis do-
main because it requires very high performance rates
at very low implementation costs. As a result, the
available hardware must be utilized very e�ciently.
Mixed video-audio processing requires multiple, het-
erogeneous processors to meet the required perfor-
mance goals. Multimedia systems execute widely
varying tasks at widely varying rates.

The design of the system's execution environment
is further complicated by the need to preemptively
schedule some PEs. CPUs in particular are gener-
ally allowed to be preempted - a process may be sus-
pended before it is �nished so that the PE can execute
another process. Preemption increases the e�ciency
of the multiprocessor but further increases the di�-

culty of determining whether a proposed schedule is
legal. While humans may be able to �nd good non-
preemptive schedules for systems of moderate size,
preemption requires the use of CAD tools.

Our algorithm takes advantages of hierarchy in task
graphs and successive re�nement to heuristically con-
struct a good schedule for the system. The structure
of the task graph is used to suggest allocation decisions
for processes. We schedule/allocate the processes in a
single sub-task and independently schedule the system
of sub-tasks. We then combine the �ne-grained and
coarse-grained schedules to create the system sched-
ule and allocation.

The next section summarizes related work in mul-
tiprocessor scheduling. Section 3 describes in detail
the problem formulation and describes our algorithm.
Section 4 outlines a set of experiments we conducted
to evaluate various alternative heuristics for multi-rate
system scheduling and allocation on multiprocessors.

2 Previous Work
Several groups have developed scheduling and allo-

cation algorithms for a non-preemptive execution en-
vironment. These algorithms usually target a multi-
processor architecture and can handle complex tasks
with precedence constraints and data communica-
tions. However, they don't support the multi-rate
systems. Sih and Lee [1] developed a dynamic level
scheduling algorithm which took into account direct
communication costs. Their algorithm dynamically
recomputes levels for processes during scheduling to
take into account how previous decisions have changed
the utilization of computation and communication re-
sources. Hoang and Rabaey [3] developed a schedul-
ing/allocation algorithm which takes into account
communication costs and can create pipelined imple-
mentations. However, their algorithm targets a par-
ticular multiprocessor architecture. Pino and Lee [2]
developed a hierarchical scheduling algorithm which
creates clusters of processes either from the task graph
structure or as directed by user input.

In a uniprocessor environment, real-time systems
commonly use one of two scheduling policies: earliest-
deadline-�rst and rate-monotonic scheduling [9]. Both
disciplines share common assumptions about execu-
tion rates and priorities. They both assume that all
tasks are executed periodically. A task is not initi-



ated until an external signal enables it; once initiated,
it must complete by a deadline, which coincides with
the end of the period. These scheduling disciplines
assign the CPU to a task based on its priority, with
the highest-priority active task is allowed to execute
on the CPU. Earliest-deadline-�rst is a dynamic pri-
ority scheme: the active tasks are ranked according
to the remaining time until their next deadline, with
priority inversely proportional to the time to the dead-
line. Rate-monotonic scheduling is a �xed-priority
scheme: the priority of a task depends on its period,
with smaller periods rating higher priorities.

For real-time distributed systems, Peng and Shin [5]
developed a branch-and-bound algorithm for alloca-
tion of task graphs onto heterogeneous architecture.
Because this algorithm is exhaustive in the worst case,
it is not practical for large applications. Ramam-
ritham [4] developed a heuristic scheduling and allo-
cation algorithm which took into account data depen-
dencies, communication, and fault-tolerance require-
ments. However, that algorithm unrolls the tasks to
the least-commonmultiple of the periods of the tasks.
Unrolling creates very long schedules; it also elimi-
nates a great deal of information about the structure
of the task graph, since multiple executions of a pro-
cess are treated as separate processes after unrolling.
The elimination of structure caused by unrolling a
less-than-ideal method for system scheduling; our al-
gorithm performs a partial unrolling which maintains
the task structure to guide scheduling and allocation.

Yen and Wolf [10] developed a co-synthesis al-
gorithm which can schedule real-time periodic tasks
with data dependencies along with communication
cost considered. The algorithm can schedule buses
preemptively. Their analysis algorithm uses rate-
monotonic scheduling, which we have found to require
more preemptions than earliest-deadline-�rst for the
target category of applications. Their synthesis al-
gorithm makes only single-process moves, while our
algorithm makes more complex moves to optimize the
implementation.

3 Scheduling and Allocation Algo-

rithms
3.1 Problem Speci�cation and Algorithm

Overview
The problem speci�cation includes three compo-

nents: a task graph, a processor graph, and a technol-
ogy description (Figure 1). As shown in Figure 1-(a),
a task graph is a collection subtasks, with each sub-
task represented by a DAG. Nodes represent processes,
which are single execution threads, and directed edges
represent data dependencies between processes. Each
subtask has a root dummy node, which identi�es the
initiation point for the subtask. We assume that a pro-
cess is not enabled to execute until it receives all its
data. Each subtask is executed periodically at its spec-
i�ed rate. Many systems exhibit do-all parallelism by
executing multiple copies of a single type of subtask-
for example, a video decoder may use one task to de-
code a block in a frame, with a separate subtask for
each block in the frame. The task graph may spec-
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Figure 2: The hierarchical scheduling procedure.

ify that a given subtask is to be replicated n times to
cover di�erent instances of a problem; the scheduler
can take advantage of this problem structure during
scheduling and allocation. The hierarchy between task
and subtasks is the basis of the hierarchical algorithm.

A processor graph, shown in Figure 1-(b), has nodes
which represent processing elements and edges which
represent communication channels. (Since the chan-
nels may connect more than two nodes, this is in fact
a hypergraph.) The technology description consists
of two maps: the PE technology description, shown
in Figure 1-(c), speci�es how fast each process runs
on each type of PE (not all processes need to be exe-
cutable on all PE types); the channel technology de-
scription speci�es the communication time for a unit
datum on each type of channel. These times are
con
ict-free - they do not take into account resource
preemption.

As shown in Figure 2, the algorithm hierarchically
constructs a schedule for the system by �rst computing
two di�erent schedules. First, it constructs a sched-
ule for the processes in each subtask, assuming that
the subtask executes in isolation. Next, it computes a
task-level schedule for the subtasks using an earliest-
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Figure 3: Subtask task scheduling procedure.

void subtask_schedule(Subtask S, MultiPE MP, TechInfo T){

/* calculate initial urgencies of processes */

foreach node N in S, N.static_urgency = urgency(N);

/* schedule */

readynodes = nodes adjacent to root of S;

while (readynodes != NULL) {

candidate = NULL; /* the node to schedule next */

foreach node N in readynodes {

foreach PE M in MP {

data_arrival_time = earliest time that all

data can arrive at M;

PE_available_time =earliest time M becomes free;

delta = median_execution_time(N,T)

- execution_time(N,M);

N.dynamic_urgency = N.static_urgency -

max(data_arrival_time,PE_available_time)+delta;

if ((candidate == NULL) || (candidate != NULL &&

candidate.dynamic_urgency <N.dynamic_urgency)){

candidate = N;

candidate_PE = M; }}}

/*schedule candidate and its required communication*/

schedule_on_channel(candidate,candidate_PE);

schedule_on_PE(candidate,candidate_PE); }

}

Figure 4: The subtask scheduling phase.

deadline-�rst policy, without looking into the subtask
graph, except for using results of step 1 as an esti-
mation for execution time of the subtasks. Finally it
creates the �nal schedule for the system by combining
these two types of schedules-the results of the subtask
schedules are combined and modi�ed, based on the
task-level schedule, to schedule each instance of every
subtask on the multiprocessor.

3.2 Subtask Scheduling Phase

The subtask scheduling phase is designed to create
an initial allocation and scheduling for the processes in
a single subtask for one period. Each subtask is sched-
uled independently in this step. The cost function of
the subtask scheduler is the minimumcompletion time
of a subtask. Our scheduler is similar to that designed
by Sih and Lee [1]. Initially, a static urgency is calcu-
lated for each process based upon the maximum dis-
tance of the process to the subtask's end. This is very
similar to the priority function that is used in some list
schedulers. A subtask is scheduled by selecting a node
to be scheduled next and where it will execute on at
each scheduling step, based upon a dynamic urgency
(see Figure 3). The dynamic urgency is a function

RmEdSchedule *task_leve_scheduling(TaskGraph T) {

/*assign static priority to process based on period*/

T.sort_periods(); Lcm = least_common_multiple(T);

task_arrival_time[] = task_arrival_time(T, Lcm);

/* now adjust initiation times based on EDF */

t = task_arrival_time[0]; i=0;

ready_tasks = task_arrivals(t);

while(ready_tasks!=NULL) {

if (task T1 running at time t) {

if ((T1.priority > ready_tasks.head.priority)

or (T1.deadline < ready_tasks.head.deadline))

t = task_arrival_time[i++]; /*T1 continues*/

else {/* T1 is preempted at time t */

ready_tasks.insert(T1.preempted);

T2 = ready_tasks.remove_head;

t =min(task_arrival_time[i++],T2.finish_time);}

}

else { /*move a ready process forward*/

T2 = ready_tasks.remove_head;

result.schedule(T2, t);

t=min(task_arrival_time[i++], T2.finish_time);}

ready_tasks =ready_tasks.append(tasks_arrivals(t));

}

return result; }

Figure 5: The task-level scheduling phase.

of node and PE, it is calculated for each ready node
and each possible choice of PE. The node and PE pair
with maximum dynamic urgency value will be sched-
uled in the scheduling step. Dynamic urgency is based
upon the static urgency of the node, the communica-
tion channel congestion (based upon the data arrival
time), the availability of the PE, and the execution
speed of the node on the PE. By using dynamic ur-
gency, both allocation and scheduling of process node
as well as data communication are handled simultane-
ously and the factor of heterogeneous architecture is
taken into consideration.

Unlike some list schedulers, this dynamic urgency
is recalculated after every scheduling selection to re-

ect changes in the system utilization. In order to save
computation time, instead of calculating dynamic ur-
gencies for all ready nodes on all possible PEs in each
scheduling step, the choice of ready nodes can be lim-
ited to only those with high static urgencies and high
volume of data (because the combination of these two
factors is usually the dominant term in the dynamic
urgency), and the choice of PEs can be limited by
user speci�cation. Once the most urgent process and
its best matched PE is selected, the communication it
requires is scheduled onto the channels and the process
itself is scheduled onto the selected PE. The subtask
scheduling algorithm is shown in Figure 4.

3.3 Task-level Scheduling Phase
Figure 5 outlines the task-level scheduling algo-

rithm. This algorithm separately computes dynamic
priorities for the subtasks using an earliest-deadline-
�rst (EDF) policy to preemptively schedule the PEs.
A priority is computed for each subtask (all processes
in a subtask have the same priority since they run at
the same rate). However, the EDF policy is dynamic;
the algorithm computes the priority of each subtask
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Figure 6: An comparison of rate-monotonic and
earliest-deadline-�rst scheduling.

Schedule reschedule_a_subtask(ListSchedule lsch,

PE_available_time[] p_at) {

lsch_copy = lsch.copy;

while(lsch_copy!=NULL) {

Process P = lsch_copy.earliest_ready_process;

(PE,t) = min(PE_available_time[]);

result.schedule(P, t, PE); }

}

Schedule system_schedule(RmEdSchedule *rms) {

int PE_available_time[#PE] = {0, 0, ...};

while (rms!=NULL) {

RmEdSchedule sch = rms.remove_head;

Schedule new_sch = schedule_a_subtask(

sch.task.list_schedule, PE_available_time);

result.schedule_extend(new_sch); }

}

Figure 7: The system scheduling phase.

running on every PE as a function of time. Figure 7
compares earliest-deadline-�rst scheduling with rate-
monotonic scheduling. Figure 6 illustrates the results
of these two scheduling policies. With rate-monotonic
scheduling, task 2 is preempted twice by task 1. Be-
cause of task 2's lower priority and the preemption,
the �rst instance of task 2 misses its deadline. Us-
ing EDF, both deadline misses and preemptions are
avoided.

We use EDF as the main scheduling policy because
it creates a schedule with fewer preemptions than does
rate-monotonic scheduling, under the assumption that
we have some knowledge about the arrival time of sub-
tasks. If two processes have identical deadlines, then a
rate-monotonic policy is used to break the tie; the tie
breaker static priority is computed �rst for each pro-
cess at the beginning of task level scheduling().

3.4 System Scheduling Phase
The complete system schedule is constructed from

the results of the subtask and task-level scheduling
phases. As shown in Figure 7, this phase moves
through the task-level schedule in time order. The
system schedule is unrolled to the least-common mul-
tiple of the periods. Since each process is only touched
once, this scheduling phase is linear in the size of the
unrolled system schedule. During unrolling, the task-
level schedule is expanded so that each execution of a

subtask is represented by the processes and data de-
pendencies of that subtask. As shown in Figure 8,
as a subtask instance is expanded, the subtask-level
schedule for the subtask is improved based on the cur-
rent state of the system schedule. A higher-priority
process will be moved earlier in time if possible. This
may require reallocating that process to a di�erent
PE than was originally assigned it during the subtask-
level scheduling phase; it may also require moving a
lower-priority process backward in time. Due to this
repacking of the subtask schedules, di�erent iterations
of a subtask may have di�erent schedules and alloca-
tions, measured relative to the start of the subtask's
period. At the end of this procedure, the complete
system schedule has been constructed.

Although the algorithm can construct a preemptive
schedule, it tries to minimize the number of preemp-
tions. We use some heuristics to avoid preemption at
both task-level and system-level if possible. The task-
level scheduling phase used EDF to reduce task pre-
emption. If the arrivals of tasks are deterministic, it
also looks ahead to avoid \unnecessary preemptions"
(without these preemptions the system can still meet
the deadlines). If task-level scheduling result does
have preemptions, these preemptions actually are to
happen on some process nodes that are running. To
reduce the preemptions of individual processes, we use
two heuristics. First, a process is not preempted if it
is close to �nishing and to �nish it only uses a small
portion of time comparing with the execution time of
the preempting process. The thresholds for these de-
cisions is � � (1 � system average load), in which �
is a parameter set by user. Second, a process is not
initiated if it will soon be preempted, as determined
by another user-de�ned parameter. Experiments show
that these heuristics usually reduce preemptions while
still satisfying the hard deadlines.

The LCM schedule results can be ine�cient in case
that the task periods are co-prime. However, be-
cause the hierarchical scheduling procedure retains
some structure in the schedule, instead of enumerat-
ing all the instances in LCM, the system schedule can
be implemented by constructing tables of priorities as
functions of time for the processes in the system. A
priority-based real-time scheduler will then select the
proper process to run based on this table. This table
can be smaller for our algorithm's schedules as com-
pared to schedules constructed by algorithms which
fully unroll the task graph.

The computational complexity of this algorithm is
smaller than other heuristic scheduling/allocation al-
gorithms because of its hierarchical scheduling heuris-
tics. In the subtask scheduling phase, scheduling of
each subtask has complexity of O(n2p), where n is the
number of nodes in the subtask, p is the number of
processors. Because the number of nodes in a sub-
task n is usually small, and sometimes the search for
a ready node to schedule a best matched PE is only
limited in a subset, the complexity can be reduced fur-
ther. In the task level scheduling phase, the algorithm
treat one subtask as an single node and the worst-case
complexity is O(#Subtask instance �#task), where
the number of subtask instances depends on the num-
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Figure 8: How a subtask's schedule is modi�ed to �t
the task-level schedule.

ber of subtasks and the least common multiple of the
periods of all subtasks. In the last step, when the al-
gorithm uses the result of phases 1 and 2, the time
complexity is linear in the total number of process
nodes over all the subtask instances used in task-level
scheduling phase, which is O(#Subtask instance).

4 Experimental Results
To test the e�ectiveness of the algorithm, we have

run a number of experiments on some examples, par-
ticularly some multimedia applications and obtain
promising results. We compare the result quality and
the CPU time with some other algorithms.

One of the examples is the MPEG-1 video and
audio encoding algorithms. MPEG encoding is very
computationally complicated. It involves both inten-
sive computation and large data transfers. Scheduling
the encoding algorithms to meet the real-time require-
ments is challenging. In the video encoder, frames are
divided into blocks and the encoding is done for each
block. In real time, frames arrive at the rate of 30
frames per second. In our experiment, we assume the
frame resolution is 352 240, and the block size is 8�8,
which gives 1320 blocks per frame. For the audio en-
coding, we use the sampling rate of 48 kHz and 16
bits/sample. We assume that the sample data are di-
vided into sections of 1024 samples. Therefore, the
rate for audio decoding is 48,000/1024 = 46.875 peri-
ods/second. The quantitative characteristics used in
our experiment are summarized in Table 1.

Tasks Audio encoder Video encoder
Rate 48KH 30 frames/sec
Period(cycles) 3,200,000 5,000,000

# process 5 11/block
# data 5 15
dependencies

Table 1: Characteristics of the MPEG-1 video/audio
encoder problem.

a

b c d e

f

x

y

z

rootroot

5

4 4 4 2

6 6 6 4

3

5

9

3

7

79 9 9

Periodic Task 1:  period = 50 Periodic Task 2:  period = 25

Process name Execution time

Amout of data transfer 

Figure 9: An example used in by Ramamritham in [4]:
task graph of two periodic tasks.

Table 2 shows the scheduling result of the MPEG-1
encoding algorithm on 4 identical PEs of 150 MHz,
based on the characteristics in Table 1. We connected
the four PEs by a common bus. After performing sub-
task scheduling for both audio and video decoder, we
obtained the estimated execution time for each sub-
task. Task level scheduling is then performed to assign
priorities for each subtask. Finally, results from sub-
task scheduling and task scheduling steps are adjusted
to generate the system schedule. The �nal system
schedule successfully schedules both audio and video
encoding in real time on 4 PEs.

For this example, we compared our algorithm to
traditional fully unrolling approaches by construct-
ing a fully unrolled process graph and applying a list
scheduler or our dynamic urgency scheduler to it. The
resulting schedule also met the real-time requirements,
but the schedule had no obvious structure, which com-
plicates the implementation of the schedule. Schedul-
ing the fully-unrolled process system required about
550 times more CPU time than our algorithm.

We use a small example in [4] as a comparison of
the quality of our scheduling results to that of others'.
The task graph is shown in Figure 9. As illustrated by
Figure 10 and Figure 11, the algorithm in [4] had to
use 3 PEs to meet the deadlines while our algorithm
only used 2.

To test the scheduler's performance in general, we
randomly generated some task sets with random sub-
task structures and sizes, the we try to schedule them
onto 4 or 16 PEs with common buses or arbitrary
connections. Table 3 shows the comparison in term
of CPU time between our algorithm and the fully-
unrolled algorithm. It is clear from the table that our



Subtask Schedule length Schedule length Number of
/ period, 1 PE /period, 4 PEs periods scheduled

Video encoder 13,400/block, 1320 blocks 4,422,000 25
Audio encoder 21,000 21,000 16

Table 2: Scheduling results of the MPEG-1 encoder problem.
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Figure 10: Result given by Ramamritham in [4]: allo-
cation and schedule for the two periodic tasks.
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Figure 11: Result given by our algorithm: allocation
and schedule for the two periodic tasks.

algorithm runs much faster than the fully unrolling
ones. In term of result quality, our algorithm gives
feasible schedule to all the 15 random examples that
we used.

5 Conclusions
The strength of the algorithm is in the fact that it is

much less expensive than existing algorithms and gives
e�ective schedule. This work can be extended in sev-
eral ways. None of the work of Section 2 considers the
e�ects of communication preemption in shared com-
munication channels such as buses. Those algorithms
consider only the transit time of data, not the e�ects
of con
icts with other data transfers on the bus. We
plan to incorporate communication preemption anal-
ysis into a future version of our algorithm. In addi-
tion, we plan to use this algorithm as a component in
a co-synthesis methodology for systems implemented
on heterogeneous multiprocessors.

As it stands, this algorithm is a very useful tool for
the construction of high-performance, multirate sys-
tems which execute on multiprocessors. Multimedia

Mean Minimum Maximum
3 node choice 725.1% 144.9% 1628.0%

all node choice 447.5% 108.9% 1442.3%

Table 3: Speedup of our algorithm in CPU time over
fully-unrolled algorithm.

is one application domain in which high performance
at low cost must be obtained by e�cient utilization
of the available hardware. Our hierarchical scheme
takes advantage of the structure of the speci�cation
to e�ciently search the solution space. The resulting
implementationmakes good use of both the processing
elements and communication channels in the system.
High-quality scheduling/allocation algorithms such as
ours allow system designers to concentrate on system-
level issues, such as the selection of algorithms.
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