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(57) ABSTRACT 

A schedule graph may be used to identify executable ele 
ments that consume data from a network interface or other 
input/output interface. The schedule graph may be traversed 
to identify a sequence or pipeline of executable elements that 
may be triggered from data received on the interface, then a 
process Scheduler may cause those executable elements to be 
executed on available processors. A queue manager and a 
load manager may optimize the resources allocated to the 
executable elements to maximize the throughput for the 
input/output interface. Such as System may optimize process 
ing for input or output of network connections, storage 
devices, or other input/output devices. 
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PROCESS SCHEDULING TO MAXIMIZE 
INPUT THROUGHPUT 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority to and benefit of 
U.S. patent application Ser. No. 13/461,752, entitled “Net 
work Aware Process Scheduling filed 1 May 2012, the entire 
contents of which are hereby expressly incorporated by ref 
erence for all its teaches. 

BACKGROUND 

0002 Process scheduling is a general term that may refer 
to how a computer system utilizes its resources. Different 
levels of process schedulers may manage high level selections 
such as which applications to execute, while mid-level or low 
level process schedulers may determine which sections of 
each application may be executed. In some cases, a mid-level 
or high-level process scheduler may operate within a virtual 
machine or other executable environment, while a low level 
process Scheduler may operate within an operating system. A 
low level process scheduler may perform functions such as 
time slicing or time division multiplexing that may allocate 
processors or other resources to multiple jobs. 

SUMMARY 

0003) A schedule graph may be used to identify executable 
elements that consume data from a network interface or other 
input/output interface. The schedule graph may be traversed 
to identify a sequence or pipeline of executable elements that 
may be triggered from data received on the interface, then a 
process Scheduler may cause those executable elements to be 
executed on available processors. A queue manager and a 
load manager may optimize the resources allocated to the 
executable elements to maximize the throughput for the 
input/output interface. Such a system may optimize input or 
output of network connections, storage devices, or other 
input/output devices. 
0004. This Summary is provided to introduce a selection 
of concepts in a simplified form that are further described 
below in the Detailed Description. This Summary is not 
intended to identify key features or essential features of the 
claimed subject matter, nor is it intended to be used to limit 
the scope of the claimed subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0005. In the drawings, 
0006 FIG. 1 is a diagram illustration of an embodiment 
showing a system with queue management. 
0007 FIG. 2 is a diagram illustration of an embodiment 
showing an example scheduling graph with an input device. 
0008 FIG. 3 is a flowchart illustration of an embodiment 
showing a method for Scheduling work. 
0009 FIG. 4 is a flowchart illustration of an embodiment 
showing a method for optimizing for input/output through 
put. 

DETAILED DESCRIPTION 

0010. A scheduling graph may be used to identify and 
schedule executable elements that process data received from 
an input, such as a network interface or other I/O interface. 
The executable elements may be prepared and queued for 
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execution so that the data from the input may be processed 
quickly. In some embodiments, the process scheduler may 
optimize the processing of data from an input to maximize 
data throughput. 
0011. The scheduling graph may identify chains of 
executable elements that have dependencies that flow from 
data received. These executable elements may be scheduled 
to minimize intervening processes so that the data may be 
processed quickly and efficiently. 
0012. The dependencies between executable elements 
may be explicit or implicit. Explicit dependencies may be 
defined within a programming language and identified by a 
programmer. In some cases, compilers or linkers may analyze 
source code to identify and explicitly link various executable 
elements. The explicit links between executable elements 
may be identified by messages that may be passed between 
two elements. In some cases, the messages may be addressed 
and passed from one element to another. 
0013 Some dependencies may be implied by how data 
may be shared between executable elements. A dependency 
may be identified, for example, when a consuming element 
uses a data object created by a creating element. The consum 
ing element may be considered to have a dependency on the 
creating element even though no other relationship may be 
identified during normal compilation and linking. 
0014. In one use scenario, the system may be used in high 
performance devices that may be optimized to process data 
passing through an interface. In order to maximize data flow 
ing to or from the interface, an execution environment may 
schedule the upstream or downstream elements. Examples 
may include a webserver that may process incoming requests 
ora video processing system that may process video elements 
that may be displayed on a screen. 
0015 For the purposes of this specification and claims, the 
term “executable element may define a set of instructions 
that may be executed by a processor. In a typical embodiment, 
an executable element may be machine level commands that 
may be sent to a processor. A single computer application 
may be made up of many executable elements. An executable 
element may also be referred to as a job, application, code 
chunk, or other term. 
0016. Throughout this specification, like reference num 
bers signify the same elements throughout the description of 
the figures. 
0017. When elements are referred to as being “connected 
or “coupled, the elements can be directly connected or 
coupled together or one or more intervening elements may 
also be present. In contrast, when elements are referred to as 
being “directly connected” or “directly coupled, there are no 
intervening elements present. 
0018. The subject matter may be embodied as devices, 
systems, methods, and/or computer program products. 
Accordingly, some or all of the Subject matter may be embod 
ied in hardware and/or in Software (including firmware, resi 
dent software, micro-code, State machines, gate arrays, etc.) 
Furthermore, the subject matter may take the form of a com 
puter program product on a computer-usable or computer 
readable storage medium having computer-usable or com 
puter-readable program code embodied in the medium for use 
by or in connection with an instruction execution system. In 
the context of this document, a computer-usable or computer 
readable medium may be any medium that can contain, Store, 
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communicate, propagate, or transport the program for use by 
or in connection with the instruction execution system, appa 
ratus, or device. 
0019. The computer-usable or computer-readable 
medium may be, for example but not limited to, an electronic, 
magnetic, optical, electromagnetic, infrared, or semiconduc 
tor system, apparatus, device, or propagation medium. By 
way of example, and not limitation, computer readable media 
may comprise computer storage media and communication 
media. 
0020 Computer storage media includes volatile and non 
volatile, removable and non-removable media implemented 
in any method or technology for storage of information Such 
as computer readable instructions, data structures, program 
modules or other data. Computer storage media includes, but 
is not limited to, RAM, ROM, EEPROM, flash memory or 
other memory technology, CD-ROM, digital versatile disks 
(DVD) or other optical storage, magnetic cassettes, magnetic 
tape, magnetic disk storage or other magnetic storage devices, 
or any other medium which can be used to store the desired 
information and which can accessed by an instruction execu 
tion system. Note that the computer-usable or computer-read 
able medium could be paperor another Suitable medium upon 
which the program is printed, as the program can be electroni 
cally captured, via, for instance, optical scanning of the paper 
or other medium, then compiled, interpreted, of otherwise 
processed in a suitable manner, if necessary, and then stored 
in a computer memory. 
0021 When the subject matter is embodied in the general 
context of computer-executable instructions, the embodiment 
may comprise program modules, executed by one or more 
systems, computers, or other devices. Generally, program 
modules include routines, programs, objects, components, 
data structures, etc. that perform particular tasks or imple 
ment particular abstract data types. Typically, the functional 
ity of the program modules may be combined or distributed as 
desired in various embodiments. 
0022 FIG. 1 is a diagram of an embodiment 100 showing 
a system that may optimize operations to maximize process 
ing for input or output devices. Embodiment 100 is a simpli 
fied example of the various Software and hardware compo 
nents that may be used an execution environment for 
applications that may have many executable elements. 
0023 The diagram of FIG. 1 illustrates functional compo 
nents of a system. In some cases, the component may be a 
hardware component, a Software component, or a combina 
tion of hardware and Software. Some of the components may 
be application level software, while other components may be 
operating system level components. In some cases, the con 
nection of one component to another may be a close connec 
tion where two or more components are operating on a single 
hardware platform. In other cases, the connections may be 
made over network connections spanning long distances. 
Each embodiment may use different hardware, software, and 
interconnection architectures to achieve the functions 
described. 
0024. Embodiment 100 illustrates a computer system 102 
that may have a process Scheduler that may manage execut 
able elements based on knowledge from a scheduling graph. 
The system may optimize the processing of data to maximize 
the input or output of data to various devices. The optimiza 
tion may maximize processing throughput so that data may be 
pulled from or pushed to a network interface, storage device, 
or other input/output devices. 
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0025 Throughout this specification, the example embodi 
ments may describe optimization for receiving data from a 
network card or other input device. However, the same prin 
ciples may apply to optimizing for transmitting data to an 
output device. Unless specifically stated that an example 
applies to only input or output, the reader may apply the 
principles to either input or output scenarios. 
0026. The optimization mechanism may use a scheduling 
graph of executable elements to identify elements that may be 
executed upstream or downstream from an executable ele 
ment that receives or transmits data to an input or output 
device. Such a group of executable elements may be sched 
uled to minimize any delay in processing, and may be further 
optimized by executing the elements at an elevated priority. 
0027. In some embodiments, the ongoing processing of 
the elements may be analyzed and further optimized. For 
example, one of the elements may prove to be a bottleneck, 
causing upstream elements to be congested and downstream 
elements to be starved. The bottleneck element may have 
additional resources allocated, such as additional processors, 
memory, or other resources, where the additional resources 
may increase the throughput of the bottleneck element. Such 
an optimization may be performed during execution until the 
input or output device is operating at full capacity. 
0028. The optimization mechanism may attempt to opti 
mize the execution of an application, function, service, or 
other executables so that an input or output channel is trans 
mitting data as fast as possible. 
0029. In one use scenario, a server computer may process 
web pages and may be connected to the Internet. The web 
service operating on the computer may be optimized to pro 
cess incoming requests as fast as possible by optimizing how 
those requests are processed. 
0030. In another use scenario, a personal computer may 
process video images, and may retrieve video images from a 
camera, perform some post processing, and upload the 
images to a website. In the scenario, the gating item may be 
the uploading process. The Software on the personal com 
puter may be organized so that the uploading process has 
enough data so that it may continually process and upload 
data, thus minimizing the time consumed for an upload. 
0031. A process scheduler may be an operating system 
function that schedules executable code on a processor. In 
many computer systems, a process scheduler may create the 
illusion of executing several processes concurrently by time 
slicing or allocating a computing resource to different pro 
cesses at different time intervals. 
0032. The process scheduler may have a queue manager 
that may analyze a scheduling graph to identify functional 
elements to add various queues used by a process scheduler to 
assign work to processors. The scheduling graph may contain 
each executable element and relationships between those 
executable elements. The queue manager may traverse the 
graph to find the elements that may be executed to meet 
various optimization criteria. 
0033. The scheduling graph may identify the functional 
elements of one or many applications, where an application 
may be a program that operates independently of other pro 
grams on a computer system. When a scheduling graph 
includes multiple applications, the scheduling graph may be 
considered a graph of graphs, with each application contrib 
uting a group of functional elements that may or may not have 
relationships with other applications within the overall sched 
uling graph. 
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0034. In some embodiments, a queue scheduler may be 
implemented as a runtime environment in which applications 
are executed. Such an environment may be a virtual machine 
component that may have just in time compiling, garbage 
collection, thread management, and other features. In Such an 
embodiment, a queue Scheduler may interface with the run 
nable and idle queues of an operating system. When a queue 
scheduler is implemented in a runtime environment, one or 
more applications may have functional elements defined in 
the scheduling graph. 
0035. In other embodiments, the queue scheduler may be 
implemented as a component of an operating system. As an 
operating system component, some or all of the functional 
elements that are executed by a computer system may be 
identified within a scheduling graph. Such a scheduling graph 
may include functions relating to multiple applications as 
well as operating system functions. In Such an embodiment, 
each operation that may be performed by a computer system 
may be added to the scheduling graph prior to any execution 
of Such operation. 
0036. The process scheduler may be known as a CPU 
scheduler and may determine which of the ready, in-memory 
processes may be executed following a clock interrupt, I/O 
interrupt, operating system call, or other form of signal. In 
Some embodiments, the process scheduler may be preemp 
tive, which may allow the process scheduler to forcibly 
remove executing elements from a processor when the pro 
cessor may be allocated to another process. In some embodi 
ments, the process scheduler may be non-preemptive, which 
may be known as Voluntary or cooperative process scheduler, 
where the process scheduler may be unable to force executing 
elements off of a processor. 
0037. The device 102 is illustrated having hardware com 
ponents 104 and software components 106. The device 102 as 
illustrated represents a conventional computing device, 
although other embodiments may have different configura 
tions, architectures, or components. 
0038. In many embodiments, the device 102 may be a 
server computer. In some embodiments, the device 102 may 
still also be a desktop computer, laptop computer, netbook 
computer, tablet or slate computer, wireless handset, cellular 
telephone, game console or any other type of computing 
device. 
0039. The hardware components 104 may include a pro 
cessor 108, random access memory 110, and nonvolatile stor 
age 112. The hardware components 104 may also include a 
user interface 114 and network interface 116. The processor 
108 may be made up of several processors or processor cores 
in Some embodiments. The random access memory 110 may 
be memory that may be readily accessible to and addressable 
by the processor 108. The nonvolatile storage 112 may be 
storage that persists after the device 102 is shut down. The 
nonvolatile storage 112 may be any type of storage device, 
including hard disk, Solid state memory devices, magnetic 
tape, optical storage, or other type of storage. The nonvolatile 
storage 112 may be read only or read/write capable. 
0040. The user interface 114 may be any type of hardware 
capable of displaying output and receiving input from a user. 
In many cases, the output display may be a graphical display 
monitor, although output devices may include lights and other 
visual output, audio output, kinetic actuator output, as well as 
other output devices. Conventional input devices may include 
keyboards and pointing devices such as a mouse, stylus, 
trackball, or other pointing device. Other input devices may 
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include various sensors, including biometric input devices, 
audio and video input devices, and other sensors. 
0041. The network interface 116 may be any type of con 
nection to another computer. In many embodiments, the net 
work interface 116 may be a wired Ethernet connection. 
Other embodiments may include wired or wireless connec 
tions over various communication protocols. 
0042. The software components 106 may include an oper 
ating system 118 on which various applications and services 
may operate. An operating system may provide an abstraction 
layer between executing routines and the hardware compo 
nents 104, and may include various routines and functions 
that communicate directly with various hardware compo 
nentS. 

0043. The operating system 118 may include a process 
scheduler 134 which may perform low level scheduling of 
each of the individual processors 108. 
0044 An execution environment 120 may manage the 
execution of an application 126. The execution environment 
120 may have a queue manager 122 that may manage the 
executable elements by analysis of a scheduling graph 128 
and determine which executable elements are transmitted to 
the process scheduler 134. 
0045. The queue manager 122 may identify individual 
executable elements from a scheduling graph 128. The sched 
uling graph 128 may define the relationships between execut 
able elements for a specific application. The relationships 
may be explicit relationships, where express connections may 
be defined between elements. An example of such relation 
ships may be message passing relationships. In some cases, 
the relationships may be implied relationships. An example of 
an implied relationship may be where one element consumes 
data created by another element. While such relationships 
may not be expressly defined in Source code, implied rela 
tionships indicate a dependency between two elements. 
0046. The scheduling graph 128 may be similar to a con 
trol flow graph and may include each block of executable 
code and the dependencies or other relationships between the 
blocks. The scheduling graph 128 may be searched and tra 
versed to identify relationships between an executing element 
and upstream or downstream elements. Once identified, the 
elements may be scheduled and caused to execute. 
0047. In some embodiments, scheduled executable ele 
ments may be prepared for execution as those elements are 
identified. For example, one such embodiment may retrieve 
the executable code from disk or other high latency storage 
area and load the executable code into random access 
memory, cache, or other lower latency storage area. 
0048. The scheduling graph 128 may be created when an 
application is developed. A development environment 136 
may include an editor, 138, compiler 140, and an analyzer 
142. A programmer or developer may create a program using 
the editor 138 and compile the program with the compiler 
140. A control flow graph may be created by the compiler 140 
or by a secondary analyzer 142 which may be executed after 
compilation. 
0049. From the control flow graph, an analyzer 142 may 
identify and classify the relationships between executable 
elements. The relationships may be any type of relationship, 
including dependencies, parallelism or concurrency identifi 
ers, or other relationships. The relationships may be express 
or implied. 
0050. The execution environment 120 may be a virtual 
machine or other mechanism that may manage executing 
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applications. In some cases, the execution environment may 
provide various management functions, such as just in time 
compiling, garbage collection, thread management, and other 
features. 
0051. In some embodiments, a queue manager 130 may be 
part of an operating system 118. In such embodiments, the 
operating system 118 may operate by receiving a set of func 
tions to perform and a scheduling graph 128. The scheduling 
graph 128 may include functions that come from many dif 
ferent applications as well as functions that are performed by 
the operating system itself. 
0052 A load manager 124 may be part of the execution 
environment 120. In some embodiments, a load manager 132 
may be part of the operating system 118. 
0053 A load manager may monitor the ongoing execution 
of elements and may make adjustments to the resources allo 
cated to various elements to increase throughput. The load 
manager may identify executing elements that are bottle 
necks or impede the processing of data, then may adjust the 
resources allocated to the elements to optimize the through 
put of an input or output data flow. 
0054 The load manager may monitor the loads of each 
executable element through passive or active mechanisms. In 
Some cases, the elements identified from the scheduling graph 
may be instrumented to provide monitoring data. In other 
cases, an execution environment or operating system may be 
capable of monitoring ongoing execution to identify how 
loaded each element may be. Still other embodiments may 
use other monitoring mechanisms. 
0055. The load manager may optimize by adjusting 
resources allocated to executing elements. In one example, an 
executing element that may be processed in parallel with 
other elements on the same processor may have additional 
time slices or larger time slices allocated to the bottleneck 
element. In other examples, an executing element may be 
placed on its own processor or two or more processors may be 
dedicated to the element. Other resources may be allocated to 
the executing elements. Such as memory, network bandwidth, 
or other resources. 
0056 FIG. 2 is a diagram illustration of an embodiment 
200 showing an example scheduling graph. Embodiment 200 
illustrates several executable elements and the relationships 
between those elements, as well as an input/output device. 
0057 Embodiment 200 illustrates execution elements 
202, 204, 206, 208,210, 212, 214, 216, and 218. 
0058 Element 202 is shown as having a one-way relation 
ship with elements 204 and 206. Elements 204 and 206 have 
a one-way relationship with element 208, which has a one 
way relationship with element 210. Element 210 has one-way 
relationships with elements 212 and 214. Element 212 has a 
one-way relationship with element 216, and elements 216 and 
214 have one-way relationships with element 218. 
0059 Embodiment 200 illustrates a control flow graph or 
scheduling graph that illustrates a process flow from top to 
bottom. At element 208, an input/output device 220 may 
inject data that may be consumed by element 208. 
0060. The input/output device 220 may represent any type 
of device. In many cases, such as network interface cards, 
storage devices, or other devices, a buffer 222 may store data 
prior to being requested or used by an executing element. 
0061. In a case where an optimization may attempt to 
process as much incoming data from the device 220, a queue 
manager may analyze the scheduling graph to identify the 
downstream elements 210, 212,214,216, and 218. The queue 
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manager may cause these downstream elements to be ready 
for execution by a process scheduler. 
0062 By scheduling downstream elements for process 
ing, a queue manager may minimize any delays between 
elements. One case where such delays may occur may be 
when one element may wait for data from another element, 
but there may be no explicit link or relationship between the 
elements. In Such cases, a process Scheduler may not be able 
to recognize the relationship and schedule the waiting ele 
ment. 

0063. The queue manager may prepare elements for 
execution by loading elements into memory, scheduling 
execution into an execution sequence, or otherwise preparing 
to execute the elements. In many embodiments, the queue 
manager may identify downstream elements as having a high 
or elevated priority, which may cause the elements to be 
processed faster and may preempt other services, processes, 
applications, or other executable elements. 
0064. The queue manager may also identify upstream ele 
ments 202, 204, and 206, which may precede element 208. 
The upstream elements may generate data or perform other 
tasks that are consumed by element 208. In order for element 
208 to perform its task and consume data from the device 220, 
elements 202, 204, and 206 may first be executed. 
0065. The upstream elements may be launched and 
executed by the queue manager so that element 208 may 
consume data from device 220. In some embodiments, a 
queue manager may cause upstream elements to be executed 
in preparation of element 208 receiving data. 
0066. In order to optimize the throughput of the device 
220, a queue manager may prioritize and Schedule both 
upstream and downstream elements. In some embodiments, a 
load manager may optimize the resources allocated to each 
element so that a maximum throughput of the device 220 may 
be achieved. 
0067 Embodiment 200 illustrates an example where the 
various executable elements consume data from an input/ 
output device. In some embodiments, the optimization may 
maximize the amount of data transmitted from the executing 
elements to an input/output device. 
0068 FIG. 3 is a flowchart illustration of an embodiment 
300 showing a method for scheduling work using a schedul 
ing graph. Embodiment 300 illustrates the operations of a 
queue manager, Such as the queue manager 122 or 130 of 
embodiment 100. 
0069. Other embodiments may use different sequencing, 
additional or fewer steps, and different nomenclature or ter 
minology to accomplish similar functions. In some embodi 
ments, various operations or set of operations may be per 
formed in parallel with other operations, either in a 
synchronous or asynchronous manner. The steps selected 
here were chosen to illustrate some principles of operations in 
a simplified form. 
(0070 Embodiment 300 illustrates a simple method for 
scheduling work for a low level process scheduler. The 
method of embodiment 300 may be performed by a queue 
manager that may identify executable elements that may be 
executed to optimize the processing of data received or trans 
mitted from one of the executable elements. 
0071 Embodiment 300 examines a scheduling graph to 
identify upstream and downstream elements from an execut 
able element that creates or consumes data. Those elements 
are caused to execute so that the data being created or con 
Sumed may be processed faster. 
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0072. In block 302, a scheduling graph may be received. 
The scheduling graph may identify executable elements with 
relationships between those elements. The graph may be 
defined for a single application, multiple applications, or may 
include all executable elements that may be available for 
processing, which may include operating system level ele 
mentS. 

0073. A set of optimization criteria may be defined in 
block 304. The optimization criteria may include optimizing 
for processing incoming or outgoing data. An example may 
be to optimize a system to consume as much data as possible 
from a network interface or to optimize the speed at which 
data may be created and transmitted to a storage system or 
other consumer. 
0074. In the example of embodiment 300, the executable 
elements to process a single data item may be identified and 
launched. Embodiment 400, described later in this specifica 
tion, illustrates an example of a mechanism to optimize pro 
cessing for a stream of data. 
0075. A data item may be received in block 306. In the 
example of embodiment 300, a queue manager may optimize 
processing of an incoming data item. Other embodiments 
may optimize processing of an outgoing data item. 
0076. The scheduling graph may be analyzed in block 308 

to identify the executable element that consumes the data item 
of block 306. 
0077. If the executable element is ready to execute in block 
310, the process may proceed to block 316 where the element 
may be executed. If the executable element is not ready to 
execute in block 310, the element may be waiting for data 
from other executable elements. 
0078 If such is the case in block 310, the scheduling graph 
may be traversed in block 312 to identify upstream elements 
that provide input to the executable element identified in 
block 308. Those upstream elements may be executed in 
block 314. 
0079. In many embodiments, a queue manager may pre 
pare the executable elements for processing by placing those 
elements in a queue accessed by a process scheduler. The 
process scheduler or the queue manager may load the execut 
able code into memory and may provide other operations in 
preparation for executing the elements. 
0080. Once the upstream elements are complete, the pro 
cess may resume at block 316 to execute the element that 
consumed the data received in block 306. 
0081. A queue manager may identify downstream ele 
ments by traversing the scheduling graph in block 318 and 
prepare those elements for execution in block 320 where the 
elements are executed. 
0082 FIG. 4 is a flowchart illustration of an embodiment 
400 showing a method for optimizing execution to maximize 
input or output throughput. Embodiment 400 illustrates the 
operations of a load manager, Such as the load manager 124 or 
132 of embodiment 100. 
0083. Other embodiments may use different sequencing, 
additional or fewer steps, and different nomenclature or ter 
minology to accomplish similar functions. In some embodi 
ments, various operations or set of operations may be per 
formed in parallel with other operations, either in a 
synchronous or asynchronous manner. The steps selected 
here were chosen to illustrate some principles of operations in 
a simplified form. 
0084 Embodiment 400 illustrates a method to optimize 
execution to maximize throughput of a data stream. In the 

Jan. 23, 2014 

example of embodiment 400, the data stream may be an 
incoming data stream, although other embodiments may opti 
mize outgoing data streams. 
I0085. An optimization may be selected in block 402 for 
input or output performance. When the data stream to be 
optimized is an input stream, an executable element that 
receives the incoming stream may be identified in block 404. 
The identification may be made using a scheduling graph, 
which may be traversed in block 406 to identify all related 
elements. The operations of block 406 may be performed in a 
similar manner as embodiment 300, where the upstream and 
downstream elements may be identified. Those executable 
elements may begin execution in block 408. 
I0086. The executable elements may be instrumented in 
block 410. In some embodiments, executable code may be 
added to the various elements for instrumentation uses. Other 
embodiments may have passive mechanisms to monitor how 
well each element is executing and what resources are being 
consumed by the elements. Such monitoring may occur in 
block 412. 
I0087. If the input stream is operating at maximum capac 
ity in block 414, the process may loop back to block 412 to 
continuing the monitoring. 
I0088. If the input stream is not operating at maximum 
capacity in block 414, an element may be identified in block 
416 that may be a bottleneck. 
I0089. A load manager may add resources to speed up 
processing of the element in block 418. The additional 
resources may include additional processing, memory, or 
other resources. In the case of processing resources, the load 
manager may increase a time slice or amount of a shared 
processor allocated to the element. In some instances, one, 
two, or more processors may be allocated to execute the 
bottleneck element. 
0090. If the additional resources improve the throughput 
in block 420, the process may return to block 418 to add still 
O SOUCS. 

0091) If the additional resources do not improve the 
throughput in block 420, the previous resource allocation 
may be established in block 422. 
0092. The configuration of the resource allocation may be 
stored in the scheduling graph in block 424. Such a configu 
ration may be used in future deployments as a starting point 
configuration. The process may return to block 412 to con 
tinue monitoring. 
(0093 Embodiment 400 illustrates a simplified method by 
which resources may be added to individual executing ele 
ments to increase the throughput of an input or output data 
stream. In some cases, the additional resources may be allo 
cated to elements that are upstream or downstream from the 
executable element that handles the input or output data 
stream. Other embodiments may have more elaborate meth 
ods for finding an optimized resource allocation that maxi 
mizes data throughput. 
0094. The foregoing description of the subject matter has 
been presented for purposes of illustration and description. It 
is not intended to be exhaustive or to limit the subject matter 
to the precise form disclosed, and other modifications and 
variations may be possible in light of the above teachings. The 
embodiment was chosen and described in order to best 
explain the principles of the invention and its practical appli 
cation to thereby enable others skilled in the art to best utilize 
the invention in various embodiments and various modifica 
tions as are Suited to the particular use contemplated. It is 
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intended that the appended claims be construed to include 
other alternative embodiments except insofar as limited by 
the prior art. 
What is claimed is: 
1. A system comprising: 
a plurality of processors; 
an operating system executing on said plurality of proces 

Sors; 
a queue manager that: 

receives a scheduling graph comprising executable ele 
ments and relationships between said executable ele 
ments, said relationships comprising data depen 
dency relationships: 

from said scheduling graph, identifies a set of executable 
elements dependent on a first executable element that 
receives a first input; and 

schedules said set of executable elements such that a 
process Scheduler causes said set of executable ele 
ments to process said first input. 

2. The system of claim 1, said queue manager that further: 
from said scheduling graph, identifies a second set of 

executable elements from which said first executable 
element is dependent; and 

Schedules said second set of executable elements. 
3. The system of claim 2, said second set of executable 

elements being executed at an elevated priority. 
4. The system of claim 1 further comprising: 
a load manager that: 

identifies a second executable element downstream 
from said first executable element, said second 
executable element being a chokepoint for processing 
output from said first executable element; and 

allocates additional processing resources to said second 
executable element. 

5. The system of claim 1, said source being a network input 
device. 

6. The system of claim 1, said source being a data storage 
device. 

7. A method comprising: 
receiving a scheduling graph comprising executable ele 

ments and relationships between said executable ele 
ments; 

identifying a first executable element within said schedul 
ing graph; 
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identifying a second executable element from said sched 
uling graph, said second executable element having a 
data dependency relationship with said first executable 
element; 

scheduling said second executable element Such that a 
process Scheduler causes said second executable ele 
ment to be executed after said first executable element. 

8. The method of claim 7, said second executable element 
not having a message passing relationship with said first 
executable element. 

9. The method of claim 8 further comprising: 
identifying a third executable element from said schedul 

ing graph, said first executable element being dependent 
on said third executable element; and 

scheduling said third executable element such that said 
process scheduler causes said third executable element 
to be executed prior to said first executable element. 

10. The method of claim 7, said second executable element 
being scheduled with an elevated priority. 

11. The method of claim 7 further comprising: 
receiving a plurality of input data items consumed by said 

first executable element. 
12. The method of claim 11 further comprising: 
identifying a fourth executable element being dependent 

on said first executable element, said fourth executable 
element being causing said first executable element to 
wait to process said plurality of input data items; and 

allocating additional memory resources to said fourth 
executable element. 

13. The method of claim 12 further comprising: 
determining a current rate at which said first executable 

element processes said input data items; and 
measuring a change in said current rate when said fourth 

executable element has been allocated said additional 
processing resources. 

14. The method of claim 13 further comprising: 
when said change is positive, adding additional memory 

resources; and 
when said change is not positive, removing at least some of 

said additional memory resources. 
15. The method of claim 14 further comprising: 
updating said scheduling graph with said additional 
memory resources. 
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