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SYSTEM, METHOD, AND ARCHITECTURE FOR 
DYNAMIC SERVER POWER MANAGEMENT AND 
DYNAMIC WORKLOAD MANAGEMENT FOR 

MULTI-SERVER ENVIRONMENT 

RELATED APPLICATIONS 

[0001] This is a continuing application under 35 U.S.C. 
§§119(e) and 120. Applicant claims the bene?t of priority to 
United States Provisional Application Serial No. 60/236,043 
entitled System, Apparatus, and Method for Power-Conserv 
ing Multi-Noa'e ServerArchitecture ?led Sep. 27, 2000; and 
United States Provisional Application Serial No. 60/236,062 
entitled System, Apparatus, and Method for Power Conserv 
ing and Disc-Drive Life Prolonging RAID Con?guration 
?led Sep. 27, 2000; each of Which application is hereby 
incorporated by reference. 

FIELD OF THE INVENTION 

[0002] This invention pertains generally to architecture 
apparatus, systems, and methods for data and information 
servers; more particularly to poWer consumption manage 
ment and control systems for high-density multi-server 
architectures that maintain performance While conserving 
energy and to the method for poWer management used 
therein, and most particularly to system, method, and archi 
tecture for dynamic server poWer management and dynamic 
Workload management for multi-server environments. 

BACKGROUND 

[0003] Heretofore servers generally, and multi-node net 
Work servers in particular, have paid little if any attention to 
poWer or energy conservation. Such servers Were designed 
and constructed to run at or near maXimum levels so as to 

serve data or other content as fast as possible, or Where 
service demands Were less than capacity to remain ever 
vigilant to provide fast response to service requests. Increas 
ing processor and memory speeds have typically been 
accompanied by higher processor core voltages to support 
the faster device sWitching times, and faster hard disk drives 
have typically lead to faster and more energy-hungry disk 
drive motors. Larger memories and caches have also lead to 
increased poWer consumption even for small single-node 
servers. PoWer conservation efforts have historically focused 
on the portable battery-poWered notebook market Where 
battery life is an important marketing and use characteristic. 
HoWever, in the server area, little attention has been given to 
saving poWer, such servers usually not adopting or utiliZing 
even the poWer conserving suspend, sleep, or hibernation 
states that are available With some Microsoft 95/98/2000 
Operating system based personal computers. 

[0004] Multi-node servers present a particular energy con 
sumption problem as they have conventionally be archi 
tected as a collection of large poWer hungry boXes intercon 
nected by eXternal interconnect cables. Little attention has 
been placed on the siZe or form factor of such netWork 
architectures, the eXpansability of such netWorks, or on the 
problems associated With large netWork con?gurations. 
Such conventional netWorks have also by-and-large paid 
little attention to the large amounts of electrical poWer 
consumed by such con?gurations or in the savings possible. 
This has been due in part because of the rapid and uneX 
pected expansion in the Internet and in servers connected 
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With and serving to Internet clients. Internet service com 
panies and entrepreneurs have been more interested in a 
short time to market and pro?t than on the effect on electrical 
poWer consumption and electrical poWer utilities; hoWever, 
continuing design and operation Without due regard to 
poWer consumption in this manner is problematic. 

[0005] NetWorks servers have also by-and-large neglected 
to factor into the economics of running a netWork server 
system the physical plant cost associated With large rack 
mounted equipment carrying perhaps one netWork node per 
chassis. These physical plant and real estate costs also 
contribute to large operating costs. 

[0006] In the past, more attention Was given to the pur 
chase price of equipment and little attention to the operating 
costs. It Would be apparent to those making the calculation 
that operating costs may far exceed initial equipment pur 
chase price, yet little attention has been paid to this fact. 
More recently, the poWer available in the California electri 
cal market has been at crisis levels With available poWer 
reserves dropping beloW 1.5% and rolling blackouts occur 
ring as electrical poWer requirements drop beloW available 
electrical poWer generation capacity. High technology com 
panies in the heart of Silicon Valley cannot get enough 
electrical poWer to make or operate product, and server 
farms Which consume vast quantities of electrical energy for 
the servers and for cooling equipment and facilities in Which 
they are housed, have stated that they may relocated to areas 
With stable supplies of loW-cost electricity. 

[0007] Even Were server manufactures motivated to adopt 
available poWer management techniques, such conventional 
techniques represent only a partial solution. Conventional 
computer system poWer management tends to focus on 
poWer managing a single CPU, such as by monitoring 
certain restricted aspects of the single CPU operation and 
making a decision that the CPU should be run faster to 
provide greater performance or more sloWly to reduce poWer 
consumption. Some poWer management schemes also con 
trol the delivery of poWer to other circuits Within the 
computer so as to minimiZe poWer consumption by devices 
or circuits not being used. 

[0008] Heretofore, computer systems generally, and server 
systems having a plurality of servers Where each server 
includes at least one processor or central processing unit 
(CPU) in particular have not been poWer managed to main 
tain performance and reduce poWer consumption. Even 
Where a server system having more than one server com 

ponent and CPU may possibly have utiliZed a conventional 
personal computer architecture that provided some measure 
of localiZed poWer management separately Within each 
CPU, no global poWer management architecture or methods 
have conventionally been applied to poWer manage the set 
of servers and CPUs as a single entity. 

[0009] The common practice of over-provisioning a server 
system so as to be able to meet peak demands has meant the 
during long periods of time, individual servers are consum 
ing poWer and yet doing no useful Work, or several servers 
are performing some tasks that could be performed by a 
single server at a fraction of the poWer consumption. 

[0010] Operating a plurality of servers, including their 
CPU, hard disk drive, poWer supply, cooling fans, and any 
other circuits or peripherals that are associated With the 
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server, at such minimal loading also unnecessarily shortens 
their service life. However, conventional server systems do 
not consider the longevity of their components. To the eXtent 
that certain of the CPUs, hard disk drives, poWer supplies, 
and cooling fans may be operated at loWer poWer levels or 
for mechanical systems (hard disk drive and cooling fans in 
particular) their effective service life may be extended. 

[0011] Therefore there remains a need for a netWork 
architecture and netWork operating method that provides 
large capacity and multiple netWork nodes or servers in a 
small physical footprint and that is poWer conservative 
relative to server performance and poWer consumed by the 
server, as Well as poWer conservative from the standpoint of 
poWer for server facility air conditioning. These and other 
problems are solved by the inventive system, apparatus and 
method. There also remains a need for server farms that are 
poWer managed in an organiZed global manner so that 
performance is maintained While reducing poWer consump 
tion. There also remains a need to eXtend the effective 
lifetime of computer system components and servers so that 
the total cost of oWnership is reduced. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a diagrammatic illustration shoWing a 
eXemplary embodiment of an inventive poWer conserving 
high-density server system. 

[0013] FIG. 2 is a diagrammatic illustration shoWing an 
eXemplary embodiment of a single 2U high rack mountable 
Integrated Server System Unit having a plurality of modular 
server units. 

[0014] FIG. 3 is a diagrammatic illustration shoWing a 
standard server farm architecture in Which multiple nodes 
are individually connected by cables to each other to form 
the desired netWork. 

[0015] FIG. 4 is a diagrammatic illustration shoWing an 
embodiment of the inventive Integrated Appliance Server 
(IAS) standard architecture also referred to as an Integrated 
Server System (ISS) architecture in Which multiple nodes 
selected from at least a computer node (CN) such as a server 
module (SM), netWork node (NN) also referred to as a 
sWitch module, and monitor or management node (MN) also 
referred to as a Management Module (MM) are provided 
Within a common enclosure and coupled together via an 
internal backplane bus. 

[0016] FIG. 5 is a diagrammatic illustration shoWing 
another embodiment of the invention in Which multiple 
modular IAS (or ISS) clusters each containing multiple 
nodes are cascaded to de?ne a specialiZed system. 

[0017] FIG. 6 is a diagrammatic illustration shoWing an 
embodiment of an Integrated Server System Architecture 
having tWo interconnected integrated server system units 
(ISSUs) and their connectivity With the external World. 

[0018] FIG. 7 is a diagrammatic illustration shoWing an 
eXemplary embodiment of an AMPC bus and the connec 
tivity of Server Modules and Management Modules to the 
bus to support serial data, video, keyboard, mouse, and other 
communication among and betWeen the modules. 

[0019] FIG. 8 is a diagrammatic illustration shoWing an 
eXemplary embodiment of ISSU connectivity to gigabit 
sWitches, routers, load balances, and a netWork. 
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[0020] FIG. 9 is a diagrammatic illustration shoWing an 
embodiment of the inventive poWer conserving poWer man 
agement betWeen tWo servers and a manager. 

[0021] FIG. 10 is a diagrammatic illustration shoWing an 
alternative embodiment of a server system shoWing detail as 
to hoW activity may be detected and operating mode and 
poWer consumption controlled in response. 

[0022] FIG. 11 is a diagrammatic illustration shoWing 
another alternative embodiment of a server system particular 
adapted for a Transmeta CrusoeTM type processor having 
LongRunTM features shoWing detail as to hoW activity may 
be detected and operating mode and poWer consumption 
controlled in response. 

[0023] FIG. 12 is a diagrammatic illustration shoWing 
aspects of the connectivity of tWo management modules to 
a plurality of server modules and toW Ethernet sWitch 
modules. 

[0024] FIG. 13 is a diagrammatic illustration shoWing an 
eXemplary internetWork and the manner in Which tWo dif 
ferent types of master may be deployed to poWer manage 
such system. 

[0025] FIG. 14 is a diagrammatic illustration shoWing a 
graph of the CPU utiliZation (processor activity) as a func 
tion of time, Wherein the CPU utiliZation is altered by 
entering different operating modes. 

[0026] FIGS. 15-22 are diagrammatic illustrations shoW 
ing exemplary state diagram for operating mode transitions. 

[0027] FIG. 23 is a diagrammatic illustration shoWing the 
manner in Which a plurality of servers may operate in 
different modes based on local detection and control of 
selected mode transitions and local detection but global 
control of other selected mode transitions. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

[0028] The present invention pertains to computer system 
architectures and structures and methods for operating such 
computer system architectures in a compact high-perfor 
mance loW-poWer consumption manner. Aspect of the 
invention also contribute to reliability, ease of maintenance, 
and longevity of the system as a Whole and operation 
components thereof. In an application that is of particular 
importance and Which bene?ts greatly from the innovations 
described here, the computer system is or includes a server 
system having at least one and more typically a plurality of 
servers. Each server Will include at least one processor or 
CPU but may include multiple CPUs. In multiple server 
con?gurations signi?cant poWer consumption reduction is 
achieved by applying the inventive poWer management 
scheme. These and other aspects of the invention are 
described in the sections that folloW. 

[0029] The physical form factors of the server modules 
and management modules provide signi?cant advantages, 
hoWever, it Will be appreciated that the invention need not be 
limited to such modular servers or modular management 
elements, and that the invention eXtends to discrete servers 
and management elements. It is also to be appreciated that 
although the eXemplary embodiments focus attention toWard 
servers, server systems, and poWer saving features for server 
systems, that aspects of the invention transcend such servers 
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and server environments. For example, distributed computer 
systems of all types may bene?t from the form of coordi 
nated management and control to determine CPU loading 
and coordinate computational processing over a multiplicity 
of processors. 

[0030] Section headers, Where provided, are merely for the 
convenience of the reader and are not to be taken as limiting 
the scope of the invention in any Way, as it Will be under 
stood that certain elements and features of the invention 
have more than one function and that aspects of the inven 
tion and particular elements are described throughout the 
speci?cation. 

[0031] With respect to FIG. 1 there is shoWn an exemplary 
rack mounted server system 50. The rack carries a plurality 
of 2U high integrated server system units 52 each having one 
or more management modules (MM) 53 and one or more 
server modules (SM) 54, each server module providing a 
fully independent server. Each server includes a processor or 
CPU and memory, mass storage device such as a hard disk 
drive, and input/output ports. In the embodiment illustrated 
each 2U high chassis 55 has 16 slots each of Which may 
contain a pc-board mounted server module 54 or manage 
ment module 53. The chassis 55 also provides one or more 
poWer supplies 56 and one or more cooling fan banks 57. 
These elements are coupled for communication by sWitches 
59 and a backplane 58. 

[0032] The different ISS chassis units 55 may be coupled 
together to form a larger system and these server units share 
a gigabit uplink 60, load balancer 61, a router 62 to connect 
to a netWork such as the Internet 63. Network Attached 
Storage (NAS) 64 may desirably be provided to increase 
storage capacity over that provided in individual server 
modules. Local and/or remote management nodes or Work 
stations 65 may be provided to permit access to the system 
50. As poWer management is an important feature of aspects 
of the invention, the provision of electric service 66 to the 
system 50 as Well as electric service 68 to building or 
facilities air conditioning or cooling 69 is also illustrated. 
Content or data may readily be served to remote clients 70 
over the Internet 63. 

[0033] The illustration in FIG. 1 shoWs hoW the form 
factor of the server and management modules increases 
server density and reduces the footprint of the server system. 
Of course multiple racks may be added to increase system 
capacity. The inventive poWer management feature extends 
to individual server modules, to groups of server modules, 
and to the entire set of server modules in the system 50 as 
desired. PoWer management may also be applied to the 
management modules, poWer supply modules, sWitches, 
cooling fan modules, and other components of the ISS. 

[0034] An exemplary embodiment of an ISS unit is illus 
trated in FIG. 2, Which shoWs the manner in Which PC board 
based server modules and management modules plug into a 
back plane along With poWer supplies, cooling fan units, 
sWitches, and other components to provide the high-density 
system. These and other features are described in greater 
detail in the remainder of this speci?cation. 

[0035] With respect to FIG. 3, there is shoWn in diagram 
matic form, an illustration shoWing a standard server farm 
architecture in Which multiple nodes are individually con 
nected by cables to each other to form the desired netWork. 
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Server farms such as this are typically poWer hungry, operate 
continuously With little or no regard for actual usage, have 
a large footprint, and generate large amounts of heat that 
require considerable air conditioning to dissipate or remove. 

[0036] FIG. 4 is a diagrammatic illustration shoWing an 
embodiment of the inventive Integrated Appliance Server 
(IAS) standard architecture in Which multiple nodes selected 
from at least a computer node (CN) or Server Module (SM), 
netWork node (NN) or SWitch Module (SWM), and monitor 
node (MN) or Management Module (MM) are provided 
Within a common enclosure and coupled together via an 
internal backplane bus and internal sWitch. TWo separate 
sWitching fabrics sWl and sWO are provided and described 
hereinafter. Up-link (up0 and up1) and doWn-link (doWn0 
and doWn1) are provided to permit cascading multiple IAS 
cluster units. Monitor nodes (M) are provided via serial I/O 
(mon0 and mon1) interfaces, RJ-45 interfaces, and RJ-ll 
modem interfaces to each sWitching means and in turn to the 
nodes. 

[0037] FIG. 5 is a diagrammatic illustration shoWing 
another embodiment of the invention in Which multiple 
modular IAS clusters each containing multiple nodes are 
cascaded to de?ne a specialiZed system. This is an example 
of the manner in Which multiple nodes Within a IAS unit and 
multiple cascaded IAS units may be transformed or morphed 
to suit netWork con?guration requirements. 

[0038] It is noted that each Integrated Appliance Server 
(IAS) cluster includes some intelligence. In order to con 
?gure there is some master that is selected during initial 
iZation of the system, such as When it is booted or reset. The 
system can be designed such that any one of the nodes can 
be the master node. For example, one node may be desig 
nated as the master or the ?rst node that becomes available 
after initialiZation, boot, or reset may assume the role of 
master node. There is no need for a separate processor or 
control Within the box or enclosure. The master can control 
the rest of the system. Factors used in such control include 
the load, the quality of service desired or required. The 
system can recon?gure itself at any time in real-time in 
response to conditions encountered and predetermined or 
adaptive rules or procedures. For example, in during a 
period of time the number of email requests increases and 
the number of Web page requests decreases or is static, then 
nodes may converted to serve email so that the email service 
capacity and performance are increased to handle the addi 
tional load. A node can also serve more than one function, 
for example it can function to serve email and Web pages and 
can be self balancing. 

[0039] The architecture or topology may be morphed or 
transformed into many alternative structures. All nodes are 
connected by an internal backplane thereby eliminate the 
need for external and fragile connectors and cables. Each 
node can be adapted to perform any one of numerous 
functions, or a plurality of the functions concurrently. Any 
node can be a cache node, an email node, a Web page server 
node, or the like. Selection of the function or functions of the 
nodes are selected (manually or automatically) based on 
such factors as the load for each type of function and the 
desired level or quality of service (QOS) for that function. 
For example, if rapid Web page service is desired as com 
pared to email service, more node resources may be allo 
cated to serving Web pages. 
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[0040] All nodes are recon?gurable at any time based on 
circumstances, such as load and Q05. For example, if only 
need to serve so many pages per second then may choose not 
to allocate additional node resources to Web page serving. In 
some instances, the tasks performed by one node (such as 
node serving Web pages) may be shifted to one or more other 
nodes that have additional capacity, and that former Web 
server node poWered doWn or put into another poWer or 
energy saving mode. This adaptive recon?guration and 
distribution of node functions maintains QOS While mini 
miZing poWer consumption, heat dissipation, and other 
negative or detrimental effects. Placing the equipment or 
portions of the equipment in to poWer saving modes or 
standby modes also has the potential bene?t of prolonging 
effective service life. 

[0041] The poWer consumption of each node is therefore 
also adjustable based on the load and/or QOS requirement. 
On one level this adjustment is enabled by using or not using 
one or more nodes, and at a second level, the performance 
characteristics of the node may be adapted or con?gured to 
suit operational requirements. For example, a processor 
clock speed may be increased When demands are high and 
decreased or turned off When demands are modest or there 
is no demand. Again, these adjustments may be made 
automatically based on sensed load and feedback as to 
Whether quality of service requirements have been met. 

[0042] The invention also provides a functional and archi 
tectural topology in Which each node represents a cell in a 
netWork of interconnected cells. These nodes or cells are 
linked and interoperate With each other such that When the 
operating characteristics of one node change in response to 
a command or sensed conditions (eg current loading and/or 
QOS) the other nodes become aWare of this change and may 
also optionally but desirably be re?ected in recon?guration 
of other of the nodes. Advantageously, the number or 
frequency of such changes may be controlled so that the 
system remains stable. For example, recon?guration may be 
limited in frequency or predetermined delays may be built 
into the system so that a settling time is provided after each 
node is recon?gured. 

[0043] Other intelligence that can be put into the node 
clusters. Recall that a cluster includes a set of interconnected 
nodes, in a preferred embodiment each cluster includes 16 
nodes in a single physical enclosure. 

[0044] Each IAS consists of multiple nodes. Nodes may 
be con?gured as computer nodes, monitor nodes, netWork 
nodes, and any other type of node knoWn in the art. 
Normally, the nodes are physically housed in a single box or 
enclosure and connected by an enclosure backplane. The 
architecture may be morphed or transformed into many 
different alternative organiZations. For example, the IAS 
standard architecture may be con?gures into a server farm. 
This can be done for either the entire IAS, a part of a single 
IAS, or among multiple IAS units. 

[0045] The computer nodes (also knoWn as server nodes 
or server modules) may be con?gured or mapped to email, 
FTP, or Web nodes. One or more of such computer nodes 
may then be coupled together With other nodes. This exem 
plary ?rst implementation is illustrated as the inner box in 
FIG. 5. Each node may be con?gured in any Way desired as 
in at least one embodiment of the invention, the structure 
and function of each node at the time of manufacture is 
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identical, and any one of such nodes may be placed in 
service or later recon?gured to provide the desired function 
ality. In one embodiment, each computer node type is the 
same While in other embodiments they are of different types. 

[0046] Furthermore, in one embodiment, every node in a 
cluster of nodes is identical as they come from the factory, 
and any node may be adapted, such as through softWare that 
is loaded into a node, to provide any one of a plurality of 
available functions. In another embodiment, someWhat to 
very different node structures are provided Within a single 
cluster to provide more highly optimiZed netWork nodes, 
computer nodes, and monitor nodes. The existence and 
distribution of such nodes in a cluster may be selected by the 
customer or user so that each cluster provides the desired 

number of computer, monitor, netWork, or other nodes as 
may become available. Advantageously, the nodes are 
implemented as plug-in or removable modules, such as 
printed circuit boards, so that the con?guration of any 
particular cluster or of a system having a plurality of clusters 
may be modi?ed after manufacture. In this Way additional 
nodes of any desired type may be added When the need 
arises. Not all locations Within a cluster need be populated 
thereby providing initial cost savings as Well as alloWing 
later expansion. Nodes may be dynamic con?gured, either 
identical nodes or specialiZed nodes, are supported in 
response to changing loading and Q05. 

[0047] Recall that in the standard Integrated Appliance 
Server (IAS) architecture includes a single 2U (3.5-inch tall) 
box, has N nodes Where in one embodiment N=16. Inter 
nally there is a sWitching fabric that makes connections 
betWeen the nodes. The sWitching fabric may be a hub, a 
sWitch, or any other means for making connections betWeen 
all the different the nodes. Internally, it is preferred to 
provide to such sWitching fabrics. This is advantageous (but 
not required) as it permits implementation and con?guration 
to tWo separate and independent netWorks. For example, one 
netWork can connect multiple nodes of any type and a 
second netWork can connect to data in mass storage units 
such as may be used in a Storage Area NetWork This 
is desirable in some circumstances as it reduces contention 
over the netWork and reduces the likelihood of collisions of 
traffic over the netWork. 

[0048] A second reason for providing tWo (or more) 
sWitching fabrics relates to providing high availability or 
redundancy. High availability pertains to providing the 24 
hour/day 7 day/Week (“24/7”) presence and availability over 
the internet. When only a single sWitching fabric and its set 
of interconnected nodes is used, a failure of that sWitching 
fabric or of a critical node not redundantly provided Will fail 
to provide the high 24/7 availability expected. Provision of 
tWo independent sWitching fabrics and appropriately con 
?gured node sets provides either actual redundancy or the 
ability to either manually or automatically recon?gure either 
of the node/sWitch sets to maintain service availability. 

[0049] Therefore, it Will be appreciated that the tWo (or 
other plurality) sWitching fabrics and their couple nodes may 
be used either as tWo (or more) separate netWorks or 
maintained as a backup that assumes the responsibilities of 
the primary set in the event of failure. Again, this rollover 
from primary to backup may occur either manually or 
automatically. 


























































