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Abstract: Thispaper aimsat devel oping ascheduling method
for multiprocessor systems with communication time. In this
paper, we firstly propose a model of multiprocessor system
with communication time occurring in reading data. Then, for
the proposed model, we propose a scheduling method (called
AMCN scheduling method) that (i) divides a task graph to
subgraphs so that a task (called node hereafter) and its suc-
cessors and predecessors are as much as possible included in
the same subgraph to shorten communication time; and (i)
uses a fixed processor to execute al the nodes of a subgraph.
Finally, we do computational simulation experimentsto eval-
uate our scheduling method.

1. Introduction

Multiprocessor systems have been widely used in avariety of
computer systems as an effective way to decrease computa-
tion time of the program [1]. To maximally achieve the ad-
vantage of a multiprocessor system, it is desirable to find out
an efficient way to schedul e the processors in executing tasks
of programs in order to attain the minimum execution time.

Multiprocessor scheduling problem is, given with pro-
cessors and a program usually represented as a task graph
(directed acyclic graph DAG), to determine the order of
tasks' (called node hereafter) execution assigned to the pro-
cessors to minimize the total execution time. However, this
problem is known as an NP-hard problem[2]. Only for two
special cases polynomia agorithms were found: the first is
proposed by Hu [3] and to schedule execution of rooted task
graphs with same node execution time by using arbitrary pro-
cessors; the second is proposed by Coffman and Graham[4]
and to schedule execution of general task graphs also with
same node execution time but by two processors. For this
reason multiprocessor scheduling is usually approached by
heuristic methods. As typical list scheduling for task graph,
CP/MISF proposed by Kasahara et al. [5] which provides
a suboptimal list scheduling, and SDS-Switching[6] that we
recently proposed. These focus on a multiprocessor system
without communication time. However, communication time
can not ignore in our systems. Therefore, our research aims
at devel oping ascheduling method for the multiprocessor sys-
tem with communication time.

The definitions of communication time are generally dif-

ferent by the models of multiprocessor system. For exam-
ple, the model of the following multiprocessor systems can
be given. (i) The model that a sending processor and a receiv-
ing processor consume communication time for data trans-
mission. (ii) Themodel that a sending processor and areceiv-
ing processor are not consumed communication time for data
transmission. (iii) The model that only a sending processor or
areceiving processor consumes communication time for data
transmission. This paper focuses on the model that only are-
ceiving processor consumes communication time. Then, the
sending processor can execute a node during data transmis-
sion.

This paper is organized as follows. Section 2 describes
the basic definition about the model of a multiprocessor sys-
tem and related definitions. Section 3 describes our schedul-
ing method, which is called “AMCN scheduling method”, for
the proposed model. Section 4 gives the performance evalu-
ation of AMCN scheduling method by computational simula-
tion. We compare our scheduling method with MCP (Mod-
ified Critical Path)[7] that has already been proposed. The
MCP is to improve CP (Critical Path)[2] that determines a
execution node by a priority based on the longest length from
each nodes to termination, and determines a execution node
by the priority based on ALAP (as late as possible).

2. A Model of Multiprocessor System and
Necessary Definitions

2.1 A model of multiprocessor system

Here, we propose a model of multiprocessor system with
communication time as follows.

« Thethroughput of processors pi€ P E is homogeneous.

« Each processor has a loca memory and a /0O system
(which isimplemented on a PCI board). Thelocal mem-
ory stores output data of the processor. The I/0O system
obtains the data from the local memory of different pro-
cessors by the communication.

« The communication time of reading and writing between
a processor and its local memory is zero, and the com-
munication time of reading from other processors via
I/0 system isnot zero.

« Before executing anode, aprocessor must read datafrom
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Figure 1. Datawriting and reading

al the inputs. And a node cannot be executed until data
reading is completed.

Figure 1 shows writing and reading of data. The dashed
line@ in Figure 1 expresses the writing of data, which in-
dicates writing of output data into own local memory. And,
solid lines@),@) express reading of data. The line@) indicates
processor p; reads an output data of a node processed by it-
self fromitslocal memory. The line@) indicates processor ps
reads an output data of a node processed by p- through 7/0.

2.2 Necessary definitions
Definition 1: Let directed graph G=(N, E, ~, c) be a task
graph.

(1) Gis DAG composed of node set N and directed edge
set F. A node z;€ N expressesatask, and anedgee; € E
expresses the connection between two nodes.

(2) Except for s and ¢ that have O execution time, each
node z; has random execution time ~y;(>0), and execu-
tions of these nodes are never interrupted.

(3) A directed edge, which connects between nodes, ex-
presses a precedence constraint and communication
channel between the nodes. If there exists a directed
edge (z;, z;), which connects from z; to z;, then ex-
ecution of z; cannot be started until execution of z;
has finished. And, a directed edge (z;, z;) has weight
c(z;, zj) expressing the communication time when be-
ing processed by different processors. And, c(s, z;) and
c(z;,t) are O for arbitrary z;. O

Definition 2: Let G=(N, E, v, c¢) be atask graph.

(1) The sets of immediate predecessors and successors
of z; are denoted as IP(z;) and I.5(z;) respectively.
Moreover, The set of al the directed paths p; ; =
ZiZz, 2y + -2 TTOM 2; 10 2; isdenoted by P; ;. The num-
ber of the nodes contained in p; ; is denoted by |p; ;.

(2) The set of nodes z; executed by the processor p;. is
denoted PE_Nodey, . At this time, the communication
timerelated to z; and z; is denoted

Chi— { 0 zp€PE_Node,

PR ez, 21) otherwise
Communication time required for execution of z; te(z;)
(Total Communication time) is

te(z) = Z Ct. O

zf€IP(z;)
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Definition 3: (1) The value related to a directed path p; ;,
calculated by “(summation of execution time and weight of
input edges of every node in p;+) - (weights of edges in-
cluded in p; )", is called Approximate Modified Length of
pi.« and denoted by AM Len(p; ). The path p;; with the
maximum Approximate Modified Length among all the paths
from z; to ¢ is called Approximate Modified Longest Path and
denoted by p¢7". (2) The value related to p¢7*, calculated
by “AM Len(p{)-(weights of edges between the nodes in
prh)”, is denoted by AM Len™t (pf*"). Approximate Modi-
fied Longest Path o7 from s to ¢ is called Approximate Mod-
ified Critical Path and the node set denoted as AMCP. O

3. Proposal of Our Scheduling M ethod

We describe AMCN scheduling method for task graph G,
when the number of processorsis k.

In order to shorten communication time, AMCN schedul-
ing method divides atask graph into subgraphs so that a node
and its successors and predecessors are as much as possible
included in the same subgraph, and uses a fixed processor to
execute all the nodes of a subgraph. The subgraph is called
Approximate Modified Critical Net and denoted by AMC'N.

(1)) AMCNs (AMCN;,AMCNs,---) are created se-

quentially by the following operations. (i) We firstly ob-
tain AMCP; aswell as AMCN; from G and search
theimmediate predecessors N 4={z, } (except the nodes
in AMC Ny) of the nodesin AMC N,. For each node
znE€N 4, if z;, satisfies

Z c(h,i) —

2, €(IS(zn)NAMCN)
21, (called Added Adjusted Node) is added to AMC Ny .
When N ={¢}, nodes s and ¢t are removed from
AMCN;. (ii) Then we do the similar operation as
donefor AMC N; to obtain AMC N> under the remain
graph G-AMCN,, and so for AMCN3, AMCNy,
--. These operations are repeated as many times as
the number of processors or till no new AMCP can be

Z C(]>h) - ’YhZO

z; €E(IP(zp)—AMCN)

found.
(2) Basically, processors(p1, p2, - - -) arerespectively fixed
to executing AMCNy, AMC Ny, ---. When there are

no executable nodes in some AMCNSs, say AMCNj,,
AMCNj,, -+, AMCN;, (j1<j2<---jn), then pro-
cessors {p;,} are assigned to the executable nodes
of remaining graph (if any) in the priority order of

Djny 9y Pjas Dy -

3.1 Preprocessing

Here, we describes the preprocessing before scheduling.
Firstly, we calculate AM Len(p§*") of each node z;, and
then based on AM Len( pgjt”l) we find Approximate Modified
Longest Path for each nodes z; and AMCP. Secondly, we
calculate AM Len™ (pﬁTl) and treat it as the priority of node
z; in doing our scheduling. AM Len™ (p¢7'") expresses total
execution time of the nodesin p¢7* under the assumptions: (i)
these nodes are assigned to a fixed processor; and (ii) all the
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Figure 2. Example of AMCN

other nodes are assigned to the processors other than the fixed
one. The larger the value of AM Len™( p;{?l ), the higher the
priority of the node z; is.

AMC Ns are obtained by the operations as stated in the
beginning of this section. The computational complexity to
calculate AMCNs and AM Len™ (pf") is O(N?). Figure
2 shows an example of AMCN.

3.2 AMCN scheduling method

Our AMCN scheduling method assignsanode z; to anidle
processor p;, according to the following Rules 1-3 (at time 7).
The following notations are used hereafter.
e Ng..rq. the set of nodes that have been executed.
e NEzean: the set of executable nodes, of which each z;
SaIiSﬁESIP(Zf)GNEmeEd.

o PEp,..: the set of idle processors.

o FreeNode: the set of nodes that are not included in
{AMCN,}.

[Rule 1] If node AM Len* (p§7}") setifies
AM Len* (p§7")=
max{AMLerﬁ (p?Tl) |Zj ENE;ceAbl/\Zj GAMONk},
then the related node z ¢ is assigned to the processor py,.

[Rule2] If node AM Len™ (p}7}') satisfies
AM Len™ (p‘}”?l) =
max{AM Len™ (p;"t”l) |2:ENEgean Nz EFreeNode
A > c(i, j)—te(zi) = >0},
2;€(IS(2)NAMCNy,)
then the related node z ¢ is assigned to the processor py,.
[Rule3] If node AM Len™ (p}7}') satisfies
AM Len™ (p§73') =
max{AM Len™ (pf”t"l) |2iENEzeaniNz;EFreeNode}
and
|INgreanNFreeNode| +
HPe|Pe €EPEpree NNAMCNNNEzean|>1}|

E‘PEF’r'eem{pk' : pr@}|
then the related node z ¢ is assigned to the processor py,.
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Figure 3. The flow of AMCN scheduling method

Rules 1-3 determine which executable node should be as-
signed to an idle processor pi. These rules are applied in the
order of Rule 1, Rule 2 and Rule 3. If anode z; is determined
to be assigned to processor p; by Rule 1, then Rule 2 need
not to be applied and so forth. If no nodes can be determined
by Rules 1-3, processor p;, keeps idle state. Figure 3 shows
the flow of our AMCN scheduling method.

4. Computational Smulation and The
Evaluation Result

We have done computational simulation by using AMCN
scheduling method as well as a proposed method called MCP
(Modified Critical Path) [7], and compare the results of these
two methods in order to evaluate our method.

4.1 Thetask graphsused in computational simulation

In our computational simulation, we used the task graphs
CSTGs (Communication Standard Task Graphs Set) and
these C'ST'Gs are made by modifying the STGs (Standard
Task Graph Set) [8] without communication times. In the
modification of STGs, (1) we added randomly generated
communication times (from 1 to 10 unit time) to the edges
of the ST'Gs under such alimitation that the edges connected
from a same node are with the same communication time; (2)
we increased node execution time to 10 times of the original
for each node. Each task graph of C'ST'G has the informa-
tion, such as the number of immediate predecessor, immedi-
ate predecessor number, communication time, the total num-
ber of nodes, node number, and execute time of node. Figure
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Figure 4. Example of CSTG

4 show an example of CSTG.

Computational simulation has been done for 6 types of
CSTGs with the number of nodes 50, 100, 300, 500, 750,
1000, of which each type contains 180 task graphs. And the
number of processors, «, is2 and 4.

4.2 Computational ssimulation results

We compare the simulation results of our method with MCP’s
using a standard of “improvement rate”, (T — T ) /TS,
where Téli) and Tc(;’j) are the schedul e lengths when executed
by asingle processor and « processors for atask graph G..

Table 1, 2 show the averages of the improvement rates of
eachtypeof C'STGs aswell asthetotal averagesrespectively
for the cases of 2 and 4 processors. Also the average of the
cases of 2 and 4 processors is shown in Table 3. From these
computational simulation results, we could find that AMCN
scheduling method is better than MCP in the sense of total
average of the improvement rate. In both cases of 2 and 4
processors, the average of AMCN is better than MCP for each
type of graphs except the type of graphs with 300 node num-
ber.

However, we found the average improvement rate of
AMCN is -2.81% when applied to the tasks with 1000 node
number in the case of 2 processors, which means the sched-
ule lengths of these graphs executed by 2 processors are even
longer than that executed by a single processor. This phe-
nomenon could also been found in the executions of many
individual graphs.

5. Conclusion

We have proposed amodel of multiprocessor systemswith
communication time occurring in reading data and for this
kind of multiprocessor systems we have proposed a schedul-
ing method AMCN trying to decrease the communication
times.

To evaluate our AMCN scheduling method, we have done
computational simulation and compare the results with a pre-
viously proposed method MCP. Our simulation results show:
(1) AMCN scheduling method is generally better than MCP
and can generate shorter schedules than MCP; (2) there are
cases that the schedule lengths by our AMCN scheduling are
even longer that executed by a single processor.

As the future works, we need to clarify the cause of the
phenomenon as stated in the above (2) and improve our
method.
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Table 1. Improvement rate (two processors)

k=2 | MCP | AMCN
50 | 34.49% | 35.32%
100 | 34.68% | 35.16%
300 | 23.03% | 23.93%
500 | 11.67% | 14.31%
750 | -330% | 3.56%
1000 | -18.37% | -2.81%

Total | 13.70% | 18.24%

Table 2. Improvement rate (four processors)

k=4 | MCP | AMCN
50 [ 55.24% | 56.17 %
100 | 58.89% | 59.19 %
300 | 5371% | 53.64%
500 | 45.15% | 45.55%
750 | 33.73% | 35.00%
1000 | 22.18% | 26.34%

Total | 44.81% | 45.98%

Table 3. Comprehensive evaluation

Scheduling method || Improvement rate

MCP 29.26%
AMCN 32.11%
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