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METHOD FOR DYNAMIC SCHEDULING IN A 
DISTRIBUTED ENVIRONMENT 

BACKGROUND OF THE INVENTION 

[0001] 1. Technical Field 

[0002] This invention relates to a method and system for 
dynamically scheduling programs for execution on one or 
more nodes. 

[0003] 2. Description of the Prior Art 

[0004] A directed acyclic graph (DAG) includes a set of 
nodes connected by a set of edges. Each node represents a 
task, and the Weight of the node is the execution time of the 
task. Each edge represents a message transferred from one 
node to another node, With its Weight being the transmission 
time of the message. Scheduling programs for execution 
onto processors is a crucial component of a parallel pro 
cessing system. There are generally tWo categories of prior 
art scheduler using DAGs: centraliZed and decentraliZed 
(not shoWn). An example of a centraliZed scheduler (10) is 
shoWn in FIG. 1 to include a scheduler (30) and a plurality 
of program execution nodes (12), (14), (16), (18), and (20). 
The nodes (12), (14), (16), (18), and (20) communicate With 
each other and the scheduler (30) across a netWork. In the 
centraliZed scheduler (10), an execution request for a pro 
gram is made to the scheduler (30) Which assigns the 
program to one of the nodes (12), (14), (16), (18) or (20) in 
accordance With a state of each node. An example of a 
routine implemented With a centraliZed scheduler is a ?rst in 
?rst out routine (FIFO) in Which each program is assigned 
to a processor in the order in Which they are placed in the 
queue. Problems With FIFO arise When a program in the 
queue is subject to dependency upon execution of another 
program. The FIFO routine does not support scheduling a 
dependent program based upon execution of a prior pro 
gram. For example, tWo programs are provided With an 
execution dependency such that the ?rst program requires a 
?rst data input and generates a second data output, and the 
second program is dependent upon the second data output 
from the ?rst program execution, and the second program 
generates a third data output. If the scheduler assigning the 
programs to one or more processors is running a FIFO 
routine and the tWo programs are assigned to execute on tWo 
different nodes, the second data output from the ?rst pro 
gram execution Will be on a different node than the second 
program execution. The second data output Will need to be 
transferred from the node that executed the ?rst program and 
produce the second data output to the node in Which the 
second program has been assigned for execution. The pro 
cess of transferring data betWeen nodes consumes resources 
of both nodes associated With data encryption and decryp 
tion. Accordingly, the centraliZed scheduler results in a 
decreased utiliZation of both the ?rst and second processors 
respectively executing the ?rst and second programs. 

[0005] In the decentraliZed scheduler, a plurality of inde 
pendent schedulers are provided. The bene?t associated With 
the decentraliZed scheduler is the scalability in a multinode 
system. HoWever, the negative aspect of the decentraliZed 
scheduler is complexity of control and communication 
among the schedulers to e?icient allocate resources in a 
sequential manner to reduce operation and transmission 
costs associated With transferring data across nodes for 
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execution of dependent programs. Accordingly, there is an 
increased communication cost associated With a decentral 
iZed scheduler. 

[0006] There is therefore a need for a method and system 
to efficiently assign resources based upon a plurality of 
execution requests for a set of programs having execution 
dependency With costs associated With data transfer and 
processing accounted for in a dynamic manner. 

SUMMARY OF THE INVENTION 

[0007] This invention comprises a method and system for 
dynamically scheduling execution of a program among tWo 
or more processor nodes. 

[0008] In one aspect of the invention a method is provided 
for assigning resources to a plurality of processing nodes. 
Priority of execution dependency of a program is decided. In 
response to the decision, the program is dynamically 
assigned to a node based upon the priority and in accordance 
With a state of each node in a multinode system. Preemptive 
execution of the program is determined, and the program is 
executed at a designated node non-preemptively in response 
to a positive determination. 

[0009] In another aspect of the invention, a system is 
provided With a plurality of operating nodes, and a sched 
uling manager to decide priority of execution dependency of 
a program. A global scheduler is also provided to dynami 
cally assign the program to one of the nodes based upon the 
priority and a state of each node in the system. In addition, 
a program manager is provided to determine applicability of 
preemptive execution of the program, and to non-preemp 
tively execute the program at a designated node in response 
to a positive determination. 

[0010] In a further aspect of the invention, an article is 
provided With a computer-readable signal-bearing medium 
With a plurality of operating nodes in the medium. Means in 
the medium are provided for deciding priority of execution 
dependency of a program. In addition, means in the medium 
are provided for dynamically assigning the program to one 
of the nodes based upon the priority and a state of each node 
in the system. Means in the medium are provided for 
determining applicability of preemptive execution of the 
program, and to non-preemptively execute the program at a 
designated node in response to a positive determination. 

[0011] Other features and advantages of this invention Will 
become apparent from the folloWing detailed description of 
the presently preferred embodiment of the invention, taken 
in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a block diagram of a prior art centraliZed 
scheduler. 

[0013] FIG. 2 is a block diagram is a global scheduler 
according to the preferred embodiment of this invention, and 
is suggested for printing on the ?rst page of the issued 
patent. 

[0014] FIG. 3 is How chart illustrating a high level opera 
tion of processing How. 

[0015] FIG. 4 is a How chart illustrating Work?oW analy 
sis. 
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[0016] FIG. 5 is a How chart illustrating assignment of 
priority to programs in a Work?oW. 

[0017] FIG. 6 is a How chart illustrating logical node 
assignment. 

[0018] FIG. 7 is a How chart illustrating scheduling a 
program at a node. 

[0019] FIG. 8 is a How chart illustrating execution of a 
program at a node. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Technical Details 

[0020] A grid environment (50) is shoWn in FIG. 2 and is 
composed of a global scheduler (60) and a plurality of 
program execution units (70) and (80), knoWn as nodes. 
Although only tWo nodes are shoWn, more nodes may be 
addressed to the system. Each node has a program execution 
unit (72) and (82), respectively, and a local scheduler (74) 
and (84) that has a local program execution queue (not 
shoWn) to manage execution of programs assigned to the 
respective node. The nodes (70) and (80) communicate With 
each other and the global scheduler (60) across a local or 
Wide area network (90). An execution request for a program 
is made to the centralized scheduler (60) Which assigns the 
program to one of the nodes (70, 80) in accordance With a 
state of each node to execute the program. The centralized 
scheduler (60) includes a Wait queue (62), a Work?oW 
database (64), a performance database (66), and an assign 
ment database (68). Each of the nodes (70) and (80) provide 
processing poWer, and outputs result of program execution 
to the global scheduler (60). A Web server (not shoWn) in 
communication With the global scheduler (60) and each of 
the nodes (70) and (80) dynamically generates transactions 
to obtain execution requests and process data. The global 
scheduler (60) controls processing of a requested program to 
one or more of the nodes. 

[0021] FIG. 3 is a How chart (100) shoWing a high level 
processing of program assignments. A Work?oW submission 
request, i.e. execution request, is received from a user (11). 
The Work?oW is analyzed (112) and executed (114) prior to 
scheduling an execution of an associated program in the 
Work?oW (116). FolloWing execution at step (116) the 
results are provided to the user (118). There are essentially 
tWo procedures to the high level processing. The ?rst 
procedure is the Work?oW analysis (112) conducted subse 
quent to receipt of a Work?oW submission, and is detailed in 
FIG. 4. The second procedure involves three components: 
an execution request for a Work?oW from the user (114), 
scheduling and executing programs in the Work?oW (116), 
and providing results to the user (118). 

[0022] As mentioned above, the Work?oW analysis (112) 
of FIG. 3 is shoWn in detail in FIG. 4 (150). The ?rst step 
of the Work?oW analysis is assigning priority (152). The 
program execution priority is decided based on the execu 
tion dependency relation of a given program before actual 
program execution. There are tWo optional methods for 
determining priority of assignment of a program. One 
method is a knoWn as topological sorting, and the second 
method is based upon the distance from the start program. 
The topological sorting method involves sorting a directed 
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acyclic graph (DAG) and deciding the priority of the pro 
gram by incrementing by a factor of 1/(i-1) in sequence, 
Where i indicates the number of programs included in the 
DAG. The second method, knoWn as the shortest path 
length, involves computing the distance from the start pro 
gram, and then deciding the priority as the value normalized 
by the maximum distance. When there is more than one 
group of program sets to be executed, the decision on 
priority of execution is applied to all the program sets to be 
executed. In either method of assigning priority to a pro 
gram, the program execution request is added to the global 
Wait queue (62). The entries in the Wait queue are sorted 
based on the priority assigned to the program. When any 
node is Waiting for program execution and the Wait queue is 
not empty, a calculation csts, i.e. cost of assignment to a 
target node, for program execution is conducted for each 
program in the queue in order of priority. After execution of 
the program is completed at the assigned node, an execution 
request for a subsequent dependent program is added to the 
Wait queue. The entries in the Wait queue are rearranged in 
accordance With the priority assigned to the program. This 
procedure is repeated until the Wait queue is empty. 

[0023] FIG. 5 is a How chart (170) illustrating assignment 
of priority to each program in a group of programs. The ?rst 
step is a test to determine if there is only one program in the 
group (172). Apositive response to the test at step (172) Will 
result in storing the priority to this one program (174) in the 
Work?oW database (64) on the global scheduler (60). HoW 
ever, a negative response to the test at step (172) is an 
indication that there are at least tWo or more programs in the 
group that need to be prioritized. Programs making up a 
strongly connected component are detected and grouped 
together (176). The programs grouped in this manner are 
identi?ed as a strongly connected component group. Other 
programs that are not part of a strongly connected compo 
nent are each grouped individually into groups of one 
program each With the number of programs in each group set 
as an integer of one. Each of the groups are sequenced by 
topological sorting (178) With the priority Pi of the i-th group 
Gi being decided in the folloWing range: 0.0<Pi<1.0, such 
that Pi_1<P assuming that the priority of a start group is 0.0 
and the priority of an end group is 1.0. 

[0024] FolloWing the sorting process at step (178), priority 
is assigned to each group (180). The process of assigning 
priority to each group is applied recursively for each pro 
gram constituting the strongly connected component group 
(182) by returning to step (172). The decision of priority Pi 
is given to group Gi,S and the priority Pid- is given to the jth 
group Gid- in a range of Pi<PiJ<Pj+1, such that PiJ<Pj+i in the 
sequence acquired by topologically sorting the DAG created 
by excluding the input into Gi,S as the root. The purpose of 
normalizing the priority of each program is to enable pro 
grams in different program sets to be executed With the same 
presence. That is, When there are nodes for computing and 
the program sets have an equal total computation time, in 
situations When program sets request execution at the same 
time, the computation can be ended at the same time given 
the equal computation time betWeen the sets. HoWever, in a 
case Where a program set includes a preferential request, the 
request includes a Weight value. The priority assigned to the 
program is then multiplied by the Weight value and applied 
to the scheduling method described above. Accordingly, it is 
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required that the programs Within the groups be recursively 
split into strongly connected components to decide the 
priority. 
[0025] Following the assignment of priority to a group of 
programs, as Well as each program Within a group (152), a 
test is conducted to determine if the program or set of 
programs can be assigned to a logical node to minimiZe the 
transfer of data betWeen programs When analyZing execution 
dependency (154). The determination at step (154) is based 
upon Whether the computation and/or transmission costs can 
be estimated. FIG. 6 is a How chart (200) illustrating the 
details of the process of assigning one or more programs to 
a logical node, ie a temporary node. Initially Work?oW data 
is received (202). Following the receipt at step (202), a cost 
estimate of program calculation and transmission is esti 
mated (204). From the results of measuring the execution of 
programs having execution dependency in the past, the 
relationship betWeen input data siZe and output data siZe for 
the programs in the execution dependency graph and the 
relationship betWeen input data siZe and processing costs at 
a node are estimated. This step focuses on assigning the 
program With a greater amount of computation to the node 
of higher performance When the required data transfer 
overhead is minimal and a plurality of nodes are available. 
The estimation modeling parameter is made by a regression 
analysis. The costs can be computed based on program cost 
assignment, such as data transfer costs and Whether the 
program and required data is cached, and program execution 
cost, such as the computation amount and the predicted end 
time. When the estimation at step (240) is complete, the 
maximum cost, including the computation cost of the depen 
dent programs, is calculated (206). The programs in the 
Work?oW are then sorted (208) in the order of the calculated 
transmission cost. The program(s) are sorted in a hierarchy 
starting With a program having the highest transmission cost 
among the programs in consideration (210). If there is a tie 
betWeen one or more programs having the same transmis 
sion cost, the tie is broken based upon the maximum cost of 
program execution including all dependent programs. Each 
of the programs are assigned to one or more logical nodes 
(212) based upon the hierarchical arrangement of the pro 
grams from step (210). Accordingly, the logical node assign 
ment is based upon the transmission and/ or communication 
cost of the programs in the queue. 

[0026] FolloWing the process of calculating the costs 
associated With execution of a program or group of pro 
grams, each of the programs or program groups is assigned 
to one or more logical nodes (156). The assignment to the 
logical nodes is stored (158) in the Work?oW database (64) 
of the global scheduler (60) and is utiliZed for scheduling 
execution of associated programs on actual nodes. FIG. 7 is 
a How chart (250) illustrating the process of program sched 
uling. The ?rst step involves Waiting for a next event (252), 
Wherein the event may be a neW request arrival event or a 
node status change event. 

[0027] Thereafter, the execution condition of the next 
program is checked and submitted to the queue (254). Step 
(254) includes providing a priority parameter, i, to a neWly 
executable program. The priority parameter is de?ned as 
pi={bi, di, mi}, Where bi is the priority given to the entire 
program, di is the priority based on the dependency relation 
of each program in the execution dependency, and mi is the 
priority based on the correspondence relation betWeen the 
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logical node assignment and the actual node assignment. 
The priority mi has the highest priority When the node to be 
assigned and the actually assigned node mapped from the 
logical node for the program are matched. The next highest 
priority is When the logical node is not assigned to the actual 
node, and the loWest priority is When the node to be assigned 
to the program(s) is different from the mapped assignment. 
The entries in the Wait queue are sorted based upon the 
priority parameters. The sorting is made based upon the 
folloWing precedence: mi<di, bi, ie after the sorting based 
on mi is complete, the sorting is then based on di, folloWed 
by sorting based on bi. FolloWing step (254), a node capable 
of executing a program or a set of programs is selected 
(256). The node selection process is based upon prior 
calculated costs, priority, and availability. A test is then 
conducted (258) to determine of the node selected at step 
(256) exists. Anegative response to the test at step (258) Will 
result in a return to step (252). HoWever, a positive response 
to the test at step (258) Will result in selection of a program 
or a set of programs for the transfer from the logical node 
assignment to the physical node (260). A test is then con 
ducted to determine if the program(s) exist (262). If the 
response to the test at step (262) is negative, the scheduling 
returns to step (256). HoWever, if the response to the test at 
step (262) is positive, a neW map is created and the program 
is assigned to the actual node (264). Thereafter, required 
data transmission is requested for the program input (266), 
the program is submitted to the physical node’s local queue 
(268), and a program assignment event is generated (270) 
folloWed by a return to step (260). Accordingly, the process 
of scheduling and executing a program includes mapping the 
program to an actual node for execution. 

[0028] FIG. 8 is a How chart (300) illustrating a process 
for executing a program after it has been assigned to a 
physical node for execution. The ?rst step involves Waiting 
for a next event (302), Wherein the event may be either a 
program assignment or data transmission completion. 
Thereafter, an executable program is selected from the local 
queue of the physical node (304). A test is conducted to 
determine if the program exists (306). A negative response 
to the test at step (306) Will return to step (302) for another 
event. HoWever, a positive response to the test at step (306) 
Will result in executing the selected program Within an 
assigned period (308). A subsequent test is conducted to 
determine if the program execution has concluded Within the 
assigned time period (310). A negative response to the test 
at step (310) Will return to step (304) to select another 
program from the queue. HoWever, a positive response to the 
test at step (310) Will remove the executed program from the 
local queue (312). The performance data generated from the 
program execution is stored in the performance database 
(66) of the global scheduler (60). Thereafter, another test is 
conducted to determine if the destination of the data gener 
ated from the program execution has been decided (316). A 
positive response to the test at step (316) Will alloW the 
generated data to be transmitted (318). Thereafter or fol 
loWing a negative response to the test at step (316) a node 
status change event is generated (320). FolloWing step (320), 
the process returns to step (304) for selection of a subsequent 
program from the local queue. Accordingly, the actual node 
assigned to executed the program stores performance data 
Within the global scheduler. 
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Advantages Over the Prior Art 

[0029] The global scheduler dynamically assigns 
resources While optimizing overhead. Assignment of a 
Work?oW to a logical node is employed to mitigate com 
munication and transmission costs associated With execution 
of a plurality of programs in the Work?oW by a plurality of 
nodes in the system. The priority of each program is 
normalized and sorted in the order of priority. Accordingly, 
the use of the global scheduler in conjunction With logical 
node assignments supports cost effective assignment of 
programs in a Work?oW to an optimal mode. 

Alternative Embodiments 

[0030] It Will be appreciated that, although speci?c 
embodiments of the invention have been described herein 
for purposes of illustration, various modi?cations may be 
made Without departing from the spirit and scope of the 
invention. In particular, the assignment of programs in a 
Work?oW to a logical node to determine communication and 
transmission costs may be removed to alloW the programs to 
be forwarded directly to a node having a local queue. 
Accordingly, the scope of protection of this invention is 
limited only by the following claims and their equivalents. 

We claim: 
1. A method for assigning resources to a plurality of 

processing nodes comprising: 

deciding priority of execution dependency of a program; 

dynamically assigning said program to a node based upon 
said priority and in accordance With a state of each node 
in a multinode system; 

determining preemptive execution of said program; and 

executing said program at a designated node non-preemp 
tively in response to a positive determination. 

2. The method of claim 1, Wherein said priority is based 
upon a criteria selected from a group consisting of: topo 
logical sorting method, and a shortest path length from a 
start program. 

3. The method of claim 1, Wherein the step of deciding 
priority of execution dependency of a program includes 
normalizing said priority. 

4. The method of claim 1, Wherein the step of deciding 
priority of execution dependency of a program includes 
assigning said program to a logical node based upon an 
estimated computation and transmission cost. 

5. The method of claim 4, further comprising storing said 
logical node assignment in a Work?oW database of a global 
scheduler based upon said estimated costs. 

6. The method of claim 1, Wherein the step of dynamically 
assigning said program to a node includes assigning said 
program to a physical node at time of execution. 

7. The method of claim 1, Wherein the step of dynamically 
assigning said program to a node includes assigning said 
program to a logical node based upon estimated computation 
and transmission costs. 

8. A system comprising: 

a plurality of operating nodes; 

a scheduling manager adapted to decide priority of execu 
tion dependency of a program; 
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a global scheduler adapted to dynamically assign said 
program to a node based upon said priority and a state 
of each node in said system; and 

a program manager adapted to determine applicability of 
preemptive execution of said program, and to non 
preemptively execute said program at a designated 
node in response to a positive determination. 

9. The system of claim 8, Wherein said priority is based 
upon a criteria selected from a group consisting of: topo 
logical sorting method, and a shortest path length from a 
start program. 

10. The system of claim 8, Wherein said scheduling 
manager is adapted to normalize said priority. 

11. The system of claim 8, Wherein said scheduling 
manager is adapted to assign said program to a logical node 
based upon estimated computation and transmission costs. 

12. The system of claim 11, further comprising a Work 
How database adapted to store said logical node assignment 
based upon said estimated costs. 

13. The system of claim 8, Wherein said global scheduler 
is adapted to assign said program to a physical node at time 
of execution. 

14. An article comprising: 

a computer-readable signal-bearing medium; 

a plurality of operating nodes in said medium; 

means in said medium for deciding priority of execution 
dependency of a program; 

means in said medium for dynamically assigning said 
program to one of said nodes based upon said priority 
and a state of each node in said system; and 

means in said medium for determining applicability of 
preemptive execution of said program, and to non 
preemptively execute said program at a designated 
node in response to a positive determination. 

15. The article of claim 14, Wherein said medium is 
selected from a group consisting of: a recordable data 
storage medium, and a modulated carrier signal. 

16. The article of claim 14, Wherein said means for 
deciding priority of execution dependency includes criteria 
selected from a group consisting of: topological sorting 
method, and a shortest path length from a start program. 

17. The article of claim 14, Wherein said means for 
dynamically assigning said program to a node based upon 
said priority and a state of each node in said system 
normalizes priority of execution. 

18. The article of claim 14, Wherein said means for 
deciding priority of execution dependency of a program 
includes assigning said program to a node based upon said 
priority and a state of each node in said system assigns said 
program to a logical node based upon estimated computation 
and transmission costs. 

19. The article claim 18, further comprising means in the 
medium for storing said logical node assignment based upon 
said estimated costs. 

20. The article of claim 14, Wherein said means for 
dynamically assigning said program to one of said node 
based upon said priority and state of each node includes 
assigning said program to a physical node at time of execu 
tion. 


