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(57) The present invention pertains to a method for scheduling when a server provides service to entities. The method
comprises the steps of i1dentifying when a first entity requests service from the server. Next there 1s the step of
providing service to an entity, such as a first entity or a second entity, as a function of virtual time. The present
invention pertains to a scheduler for controlling when a server provides service to entities. The scheduler comprises a
memory having times which are a function of when entities request service from the server. The scheduler 1s also
comprised of a virtual clock that keeps track of time. The scheduler 1s also comprised of a controller which causes an
entity to recerve service from the server as a function of virtual time. The present invention pertains to a scheduler for
scheduling when N entities each of which has a weight w, where N 1s an integer > 1 and w 1s a real number, are served
by a server. The scheduler 1s comprised of a starting time memory having starting times s, when the N entities request

service, where 1 <1< N and 1s an integer, and s. 1s the time at which the 1°th entity may next get service from the server.
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The scheduler 1s also comprised of a finishing time memory having t. finishing times t. when the N entities should be
serviced, where £, 1s the time by which the 1°th entity should be serviced by the server. The scheduler 1s also comprised
of a virtual clock that keeps track of time V, where k > 0 and 1s an mteger and V, =MAX((V, ,+P) + (1*X) +
(L/AW)*D), (S, - *Y) + (g .0 - S, . )*2)) where(|[P[HT[HX)*(|Y[+Z]) >0 where S . 1s the earliest start time s
of when an entlty requests service from the server; tr, . 1s the earliest finish time of an entity waiting for service from
the server; V, . 1s the virtual time when the server last served an entity; AW = sum over all entities currently asking

for service of W, where W, 1s the 1°th entity’s weight; and X, T, Y and Z are real numbers. If rate control 1s utilized,

then Y=/=0 and the last line of the equation 1s not applicable, or in other words, V, =V,  +1.
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ABSTRACT OF THE DISCLOSURE

A METHOD AND A SCHEDULER FOR CONTROLLING WHEN A
SERVER PROVIDES SERVICE WITH RATE CONTROL TO AN ENTITY

The present invention pertains to a method for scheduling
when a server provides service to entities. The method comprises
the steps of identifying when a first entity requests service from
the server. Next there is the step of providing service to an
entity, such as a first entity or a second entity, as a function of
virtual time. The present invention pertalins to a scheduler for
controlling when a server provides service to entities. The
scheduler comprises a memory having times which are a function of
when entities request service from the server. The scheduler is
also comprised of a virtual clock that keeps track of time. The
scheduler is also comprised of a controller which causes an entity .
to receive service from the server as a function of virtual time.
The present invention pertains to a scheduler for scheduling when
N entities each of which has a weight w, where N is an integer > 1
and w is a real number, are served by a server. The scheduler 1is
comprised of a starting time memory having starting times s; when
the N entities request service, where 1 < i £ N and 1is an integer,
and s; is the time at which the i'th entity may next get service
from the server. The scheduler is also comprised of a finishing
time memory having finishing times £, when the N entities should be
serviced, where f. is the time by which the i'th entity should be
serviced by the server. The scheduler 1s also comprised of a
virtual clock that keeps track of time V, where k > 0 and is an

integer and
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V,=MAX ((V,_,+P) +(1*X) +( (1/AW) *T) ,
(SSm.in*Y) + (fm.in—SSmin) *Z) )
where(iPi+iTi+1Xi)*(iYi+12:1)>0

where s... is the earliest start time s, of when an entity requests

service from the server; fi . 1s the earliest finish time of an
entity waiting for service from the server; V,, is the virtual time
when the server last served an entity; AW = sum over all entities
currently asking for service of w,, where w; is the i'th entity's
weight; and X, T, Y and Z are real numbers. If rate control 1is
utilized, then Y=Z=0 and the 1last line of the equation 1s not

applicable, or in other words, V, = V., +1.
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A METHOD AND A SCHEDULER FOR CONTROLLING WHEN A
SERVER PROVIDES SERVICE WITH RATE CONTROL TO AN ENTITY

FIELD OF THE INVENTION

The present invention is related to a scheduler. More
specifically, the present invention is related to a scheduler which
allows an entity to receive service from a server before its
finishing time.

BACKGROUND OF THE TINVENTION

In circumstances where available resources must be shared
among a number of different users, problems of congestion can occur
for utilization of the resources. Quite simply, there may be times
when different users desire to use a given resource at the same
time, but the resource's capability only allows it to serve one
user at a time. To control this congestion problem, a scheduler is

typically utilized to order when a user has access to the server.

Ideally, the scheduler will provide the users access to
the server 1n a fair manner so that no user will experience an
undue delay.based on its needs. In the past, scheduler's have not
necessarily been fair to users when the users have a significant
divergence in their needs. Many times, either the user with the
greatest needs is left waiting while the user with the lowest needs
is being served by the server, and vice versa. The present
invention is directed to meeting the needs of users so users having
lower needs can be served at times when users of greater needs do
not require service at a given time. Furthermore, the present
invention provides for rate control of the server so the server

does not always have to be serving a user.
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.,
SUMMARY OF THE INVENTION

The present invention pertains to a scheduler for
controlling when N entities, where N 1is an integer > 1, are
serviced by a server. The scheduler comprises a starting time
memory having starting times s, of the N entities, where 1<i<N and
is an integer,* and s; corresponds to the time the 1i'th entity
requests service from the server. The scheduler is also comprised
of a finishing time memory having finishing times £, of the N
entities, where f, corresponds to the time the i'th entity should
be serviced by the server. The scheduler is also comprised of a
virtual clock that keeps track of virtual time so the starting
times s; and finishing times f; can be identified. Additionally,
the scheduler comprises a controller which chooses entities to
receive service from the server in the order of the entities with
an earliest finishing time £, and a starting time s, being serviced
first, and then the entities with the earliest or latest starting
time s; or having the highest or 1lowest 1id or rate if their
finishing times are the same being serviced next at each given
time. If rate control is used, then there is the alternative
criteria of if there is no entity with a starting time less than or
equal to virtual time, the server does not provide service to any
entity and the virtual clock increments virtual time by one unit of
virtual time. In rate control, the wvirtual time 1is always
incremented by sore unit of virtual time, and preferably one unit
of virtual time, as a function of time regardless of what the
server 1is doing. Preferably, the function of time 1s simply a
predetermined period of time. As is apparent from the latter, 1if
the entities' finishing times are the same, then whatever protocol
is desired to indicate which entity is to be provided to the server
to be operated upon is the choice of the operator.
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The present invention pertains to a method of scheduling
when a server provides service to entities. The method comprises
the steps of requesting service from the server by N entities,
where N>1 and is an integer. Then there is the step of storing
when each of the N entities starts requesting service and when each
of the N entities should have received service. Next, there is the
step of providing service to an entity of the N entities which has
the earliest receive time and start time, unless there is more than
one entity with the earliest receive time in which case the entity
with the earliest start time receives service and possibly before
its receive time. If rate control is used, then there is the
alternative criteria of if there is no entity with a start time
less than or equal to virtual time, then the server is idle and
virtual time is incremented by some unit of virtual time as a
function of time.

The present invention pertains to a scheduler for
scheduling when N entities each of which has a weight w, where N is
an integer > land w 1s a real number, are served by a server. The
scheduler 1s comprised of a starting time memory having starting
times s; when the N entities request service, where 1 < i < N and
is an integer, and s; is the time at which the i'th entity may next
get service from the server. The scheduler is also comprised of a
finishing time memory having finishing times f. when the N entities
should be serviced, where f; is the time by which the i'th entity
should be serviced by the server. The scheduler is also comprised
of a virtual clock that keeps track of time V, where k > 0 and is

an integer and
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Vi=sMAX((V,_,+P) +(1=X) +((1/AW) *T) ,
(SSmin*Y) + ( (fmin—SSm.in) *Z) )
where(iPi+i1Ti+i1 X\ )*x(1Y1+1Z{)>0

where sg,. 1s the earliest start time s, of when an entity requests
service from the server; f . is the earliest finish time of an
entity waiting for service from the server; V., is the virtual time
when the server last served an entity; AW = sum over all entities
currently asking for service of w;, where w;, is the i'th entity's
weight; and P, X, T, Y and Z are real numbers. Preferably, P=1,
T=0, X=1, Y=1 and 2=0, but based on the application and the
purpose, either T or X can be essentially any real number as long
as both are not 0; and either Y or Z can be essentially any real
number as long as both are not 0. If rate control is utilized,

then ¥=Z2=0 and the last line of the equation is not applicable.

The scheduler 1s also comprised of a controller which
chooses which entity 1s to be operated upon by the server in the
order of the entity with an earliest finishing time f. and a start
time s; receiving service first, and then the entities based on a
predetermined criteria. The predetermined criteria can essentially
be any type of tie-breaking procedure that the user wishes to apply
such as earliest start time or id number, etc. If rate control is
utilized, there 1is the alternative criteria of if there is no
entity with a start time less than or equal to virtual time, the
server does not provide service to any entity and the virtual clock
increments virtual time preferably by one unit of virtual time as

a function of time and preferably after a predetermined period of

time.
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The present invention pertains to a method for scheduling
when a server provides service to entities. The method comprises
the steps of identifying when a first entity requests service from
the server. Next there is the step of providing service to an
entity, such as a first entity or a second entity, as a function of
when the entity requests service from the server. If rate control
is utilized, then the providing step is a function of virtual time,
and there 1is the additional step of incrementing virtual time by
one unit of virtual time after a predetermined period of time.

The present 1invention pertains to a scheduler for
controlling when a server provides service to entities. The
scheduler comprises a memory having times which are a function of
when entities request service from the server. The scheduler is
also comprised of a virtual clock that keeps track of virtual time
as a function of when entities request service from the server.
The scheduler 1s also comprised of a controller which causes an
entity to receive service from the server as a function of when the
entity requests service from the server. If rate control 1is
utilized, then the virtual clock keeps track of time as a function
of time and preferably a predetermined period of time.

BRIEF DESCRIPTION OF THE DRAWINGS
In the accompanying drawings, the preferred embodiment of
the invention and preferred methods of practicing the invention are

i1llustrated in which:

Figure 1 is a schematic representation of the present

invention.

Figures 2-11 are schematic representations of cells

walting for service from a server as a function of virtual time.
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Figures 12-20 are schematic representations of cells
waiting for service from a server as a function of virtual time.

Figure 21 is a schematic representation of an ATM switch
element.

Figure 22 is a flow chart of a method of scheduling when
a server provides service to entities of the present invention.

Figure 23 is a flow chart of an alternative method of
scheduling when a server provides service to entities of the
present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring now to the drawings wherein like reference
numerals refer to similar or identical par'ts throughout the several
views, and more specifically to figure 1 thereof, there is shown a
scheduler 10 for controlling when N entities 12, where N is an
integer > 1, are operated upon by a server 14. The scheduler 10
comprises a starting time memory, such as a priority queue 16,
having starting times s; of the N entities, where 1<i<N and is an
integer, and s; corresponds to the time the i'th entity starts
requesting service from the server 14. The scheduler 10 is also
comprised of a finishing time memory, such as a priority queue 18,
having finishing times f; of the N entities 12, where f, corresponds
to the time the i'th entity should be operated upon by the server
1l4. The scheduler 10 is also comprised of a virtual clock 20 that
keeps track of time so the starting times s; and finishing times f.
can be 1dentified. Additionally, the scheduler 10 comprises a

controller 22 which provides entities service from the server 14 in

oSt KA A e TR R . R L R T e, e LLL R R o e e s Lo S PR BT ] oy |"’i;wu‘mmﬂ")'t‘-.‘;“‘(lt“h Lid sane e . . . . e EEE L TTEY PLTRPN “MW‘MJWW‘M““W”“\W“““"PW'"" B R T LI . eee ces ses  »



10

15

20

25

30

the order of the entities with an earliest finishing time f, and a
start time s; being operated upon first, and then the entities with
the earliest or latest starting time s, or having the highest or
lowest 1d or rate if their finishing times are the same being
operated upon next at each given time. As is apparent from the
latter, if the entities' finishing times are the same, then
whatever protocol 1is desired to indicate which entity is to be
provided to the server 14 to be operated upon is the choice of the
operator. If rate control is used, then there is the alternative
criteria of if there is no entity with a starting time less than or
equal td virtual time, the server does not provide service to any
entity and the virtual clock increments virtual time by one unit of
virtual time as a function of time and preferably after a
predetermined period of time. It should be noted that even when
the server does not provide service, the virtual clock increments
virtual time by one unit of virtual time. Thus, virtual time

always advances by one increment of virtual time.

Preferably, scheduler 10 can include an element pool 24
which 1is connected with the N entities 12 and receives elements
from the N entities 12 to be operated upon by the server 14. The
arrival times s; of elements then corresponds to the time elements
from the 1i'th entity 12 arrives in the element pool 24 and the
finishing times f, correspond to the time an element from the i'th

entity 12 is to leave the element pool 24 and be operated upon by
the server 14.

The controller 22 transfers or chooses elements to be
operated upon by the server 14 from the element pool 24.
Preferably, the controller 22 is connected to the virtual clock 20,
the element pool 24, the starting time priority queue 16 and the
finishing time priority queue 18 for controlling time of the
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virtual clock 20, storing the elements in the element poocl 24, and
the arrival times s; and their finishing times £, in the starting
time priority queue 16 and the finishing time priority queue,
respectively. The controller 22 preferably operates upon entities
or elements of the element pool 24 sequentially. Preferably, the
controller 22 causes the virtual clock 20 to move present virtual
time forward when an entity receives service or an element leaves
the element pool 24. The controller 22 can cause the virtual clock
20 to increment virtual time to the earliest starting time of an
entity or an element if the earliest start time of an entity is
later than virtual time, otherwise, the controller 22 causes the
virtual clock 20 to increment virtual time by a unit of virtual
time. If rate control is utilized, then the controller only causes

the latter to occur preferably after a predetermined time if no
service 1s provided.

In the embodiment with an element pool 24 present, the
controller 22 transfers the element out of the element pool 24
which has the earliest finishing time f; and a starting time s,
unless there is more than one element with the earliest finishing
time fi, in which case, preferably, the element with the earliest
starting time s; is transferred out of the element pool 24 by the
controller 22 and before its finishing time f;, unless there is no
element with a starting time s; less than or equal to virtual time,
in the element pool, in which case no element is transferred out of
the element pool 24 by the controller if rate control is utilized.

The present 1invention pertains to a schéduler 10 for
scheduling when N entities each of which has a weight w, where N is
an integer > 1 and w is a real number, are served by a server 14.
The scheduler 10 is comprised of a starting time memory 16 having

starting times s; when the N entities 12 request service, where 1
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< 1 £ N and is an integer, and s, is the time at which the i'th
entity may next get service from the server 14. The scheduler 10
ls also comprised of a finishing time memory 18 having finishing
times f; when the N entities should be serviced, where f, is the
time by which the i'th entity should be serviced by the server 14.
The scheduler 10 is also comprised of a virtual clock 20 that keeps
track of time V, where k > 0 and is an integer and

Vi=MAX((V, _,+P) +(1*X) +((1/AW) *T),
(SSmin*Y) + (fmin_SSmin) *Z) ) (1)
where(iPi+iTi+iXi)*x(1Y1+1Z1)>0

where sg,,, 1s the earliest start time s, of when an entity requests
service from the server 14; f.. is the earliest finish time of an
entity waiting for service from the server 14; V., is the virtual
time when the server 14 last served an entity; AW = sum over all
entities currently asking for service of w,, where w, is the i'th
entity's weight; and P, X, T, Y and Z are real numbers.
Preferably, P=1, T=0, X=1, Y¥Y=1 and 2Z=0, but based on the
application and the purpose, either T or X can be essentially any
real number as long as both are not 0; and either Y or Z can be
essentially any real number as long as both are not 0. If rate
control is utilized, then Y=Z=0 and the last line of equation (1)

is not applicable, or in other words, V, = V., +1.

The scheduler 10 1s also comprised of a controller which
chooses which entity is to be operated upon by the server 14 in the
order of the entity with an earliest finishing time f, and a start
time s; receiving service first, and then the entities based on a

predetermined criteria. The predetermined criteria can essentially
be any type of tie-breaking procedure that the user wishes to apply
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such as earliest start time or id number, etc. If rate control is
utilized, there 1is the alternative criteria of if there is no
entity with a start time less than or equal to virtual time, the
server does not provide service to any entity and preferably the

virtual clock increments virtual time by one unit of virtual time.

More specifically, let wi be the "weight" of the i'th
entity where 0 < w; < = 1. W, represents the fractional share of
the server 14 which the i'th entity is entitled to (if w; = 1 then
the server 14 1is totally dedicated to the i'th entity, if w, = .5
then 1/2 of the server's work is dedicated to the i'th entity).
Note: 1n this context "1" is used to represent the maximum rate of
work of the server 14, so it makes no sense to give a single entry
a weilight which would be equal to greater than 100% of the capacity
of the server 14).

Preferably, the sum of the weights of all entities will
be less than or equal to 1 if the entities are not restricted as to
how much work they can ask the server 14 to perforn. This is
equivalent to not allocating more than 100% of the server 14
capacity. If an entity is somehow restricted from asking for more
than some fraction (say RS; < 1) of the server's capacity, then a
more general statement is that

the sum (over all entities) of MIN(w;,, RS.) should be less than 1.

Let W = sum over all entities of w,
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Let AW
(1.e. 1f "W" is sum of Weights then "AW" is sum of Active Weights)

sum over all entities current asking for service of w;

N
AW=) " w;*a;
1

where a=0 1f not asking for service, a=1 if asking for service.

Additionally, s; is the time at which the i'th entity may
next get service and f; is the time by which the i'th entity should

be serviced.

Let u; be the number of units of work that the server
gives the 1'th entity when it does work for the i'th entity (for
simplicity assume the case where for all entities u, = 1 (in the
case of a packet network this 1s equivalent to the case where all
packets are of the same size, i.e. ATM cells)). U can be different
than one based on the application. For instance, u, may not be

equal to one in a packet based network.

Let Fmin (1 < Fmin < N) = id # of entity with the
smallest finishing time (all examples given as "entity with the
smallest finishing time" is understood to mean "entity that is to
finish first based on any needed tie breaking").

So fg,, = value of the finishing time of the entity with

the smallest finishing time.

Let Smin (1 < = Smin < N) = id # of entity with the
smallest starting time (what is meant here is the same as above,
i.e. 1f there are ties assume that they are broken somehow).
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SO Sgu, = value of the starting time of the entity with

the smallest starting time.

Vi, indicates the k'th time that the server does work.

Vi=MAX(V,_,+(1*X),
(Ssmin*Y) + ((£pnin=Ssmin) *2) )

(2)

Each time the server 14 performs work, it services the
entity whose id # is Fmin. The server does not need to know the

value of Smin to operate, it only needs to know the value of s .

Another equation is:

Vk:W(Vk-1+( (1/AW) *T) ,
(S.S'min*y) + (fmin“SSmin) *Z) ) (3)
where( i1 Ti*( 1 Yi+1Z1)>0

Equation (1) is Equations (2) and (3) together.

Equation (1) with

| |
| |
N
| PO |

+

N
o O

is "Virtual Clock" (VC). See Zhang, L. (1989) "A new architecture
for packet switching network protocols". Report LCS TR 455,
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Laboratory for Computer Science, Massachusetts Institute of
Technology. Cambridge, Massachusetts, incorporated by reference.

Equation (1) with

N < : »< H Y :
__.._.:._......._...:._..
adll ol B I @ B @ B

+

is "Self-Clocked Fair Queueing" (SFQ). See "A Self-Clocked Fair
Queueing Scheme for Broadband Applications" by S.J. Golestani, In
Proc. IEEE Infocom, May 1994, 1incorporated by reference.

It is worth noting that in this case, the second half of
the equation looks like

(Ssmin * 1) + ((fepin = Ssmin) * 1)) oOF
Ssmin T LPumin = Ssmn OF

L pmin
(and in this case the value "sg . " is not actually needed)

and 1n fact, this is how it 1is conceptually described in the

literature
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Equation (1) with

ELLN
AT
| O |

+

BN <
O O

1s "approximately" "Weighted Fair Queueing" (WFQ). See "Analysis
and Simulation of a Fair Queueing Algorithms" by A. Demers, S.
Keshav, and S. Shenker; Internetworking: Research and Experience,
Vol. 1, 3-26 (1990), incorporated by reference, and A.K.J. Parekh,
A Generalized Processor Sharing Approach to Flow Control in
Integrated Services Networks, Ph.D. Dissertation, Massachusetts
Institute of Technology, Cambridge, Mass., February 1992,

incorporated by reference.

The real problem with this version from an implementation point of

view 1s two-fold.

a) the computation of "AW" in this case usually
requires emulating the fluid model rather than the
discrete model of the server

b) the computation 1/AW 1is very expensive, and
difficult to perform (if AW = (1 - epsilon) then
1/AW = 1/(l1-epsilon) which 1is hard to compute

accurately)

Equation (1) with

s

Pt W dr e e vl Tl i b M il B 400 o g Dbty & e SRR A s e by e A mrredessbestonds cee e e cmpnest s 2 3 b e b s bl worielp i ieiiiebdiebl MRS BIIIADSS 1R Vo =T e e A e A A M WO SR AT AR LT 64 B A A D T . . o o sesode . »



10

15

20

25

2150967

-15_

: < H
————
!
|

- O

N <
o M

is "Virtual Service Queueing" (VSQ) of the present invention.

The reason for making these observations is two-fold.

a) observing that the pairs P,T,X and Y,Z represent
the two halves of the MAX function, it 1is clear
that only VSQ has non-zero coefficients on both

sides of the function.

b) 1f the function is rewritten in the case of SFQ to
be the way that the equation is normally written in
the literature then it is also clear that only VSQ

utilizes the value sg.. .

A variation of VSQ is "Rate Control Service Queueling" (RC
VSQ). When rate control is implemented Y=Z=0. But unlike VC which
1s not concerned with the starting time of when a user requests
service from the server 10, RC VSQ requires the starting times of
users to be identified and particularly the smallest starting time
of a user as well as finishing times of users. Thus, 1n the
preferred embodiment, RC VSQ comprises a starting time memory, such
as the priority queue 16, as described above, and a finishing time
memory, such as a priority queue 18, as described above. Then, in

operation of RC VSQ, the server 10 provides service 1in the
following manner:
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If the starting time of Fmin (Sg,,) 1s less than or equal
to the virtual time, then service Fmin; else if the starting time
of Smin (sg,,) less than or equal to the virtual time, then service

Smin; else do nothing and increment virtual time by one unit.

More succinctly written:

If Sg,,,) < V, then service Fmin, else if sy .) < V, then

service Smin, else do nothing, V., = V., + 1.

When rate control is implemented, the server 10 provides
service at the established rate, whatever that may be, and no
faster. Rate control is not necessarily work conserving while VSQ
is work conserving.

The present invention pertains to a method of scheduling
when a server 10 operates on entities, as shown in figure 22. The
method comprises the steps of requesting service of the server from

N elements,where N>1 and is an integer. Then there is the step of

storing when each of the N entities first requests service and when
each of the N entities is to have received service from the server.
Next, there is the step of providing service to an entity of the N
entities which has the earliest receive time and a request time,
unless there 1s more than one entity with the earliest receive time
in which case the entity with the earliest request time receives
service from the server. Preferably, after the providing step,
there 1s the step of repeating the providing step in regard to
other entities. The controller 22 can cause the steps to be
implemented. If rate control 1is used, then there 1s the
alternative criteria of if there is no entity with a‘request time
less than or equal to virtual time, then the server is idle.
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The present 1nvention also pertains to a method for
scheduling when a server 14 provides service to entities, as shown
in figure 23. The method comprises the steps of identifying when
an entity requests service from the server 14. The process for
identifying when a first entity requests service from the server
can include any technique or method for calculating when the first
entity requests service from the server 14. This can include
identifying when the request occurs by actually determining the
time when the entity requests service from the server 14. Or, it
can be calculated from when a previous entity has requested service
from the server 14 and determined by some function or relationship
when the entity requests service from the server 14. Or, it can be
determined as a function of another entity which is currently
recelving service from the server 14. Alternatively, the time when
the first entity requests service can be identified from a time
when the entity 1s to receive service from the server 14. For

instance, start time plus 1/W. equals finish time.

Additionally, the identifying step can be part of a
calculation where at some point in the overall process of
ldentifying time for the server to provide service to the entity,
the time when the entity requests service from the server is
identified. Basically, the identifying step can be a conclusion to
a process or as an 1nterim step to a process. The entity
preferably is a first entity which requests service from the server
14.

The method for scheduling when a server 14 provides
service to entities next comprises the step of providing service to
an entity as a function of when the entity requests service from
the server 14. The entity can be the first entity and it receives

service from the server 14 as a function of when the first entity
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requests the service from the server 14. It is preferably when the
first entity first requests service from the server 14 that is a
basis for providing service to the first entity. Alternatively,
the step of providing service to an entity can be the step of
providing service to a second entity as a function of when the
first entity requests service from the server 14. The time when
the second entity receives service 1is then some functional
relationship of when the first entity first requested service from
the server 14. For instance, if service is provided to the first
entity at V=1, then service to the second entity is provided at
time V=2 or V=1 + 1, where V=1 1is the time the first entity
requests service from the server 14. If rate control is utilized,
then the providing step 1s a function of virtual time, and there is
the additional step of incrementing virtual time by one unit of
virtual time after a predetermined period of time. In the
preferred embodiment, virtual time is incremented by one unit of
virtual time after a predetermined period of time, regardless of

any other considerations.

The present 1invention pertains to a scheduler for
controlling when a server provides service to entities. The
scheduler comprises a memory, having times which are a function of
when entities request service from the server 14. The scheduler 10
also comprises a virtual clock 20 that keeps track of time as a
function of when entities request service from the server 14.
Additionally, the scheduler 10 comprises a controller 22 which
causes an entity to receive service from the server 14 as a
function of when the entity requests service from the server 14.
The memory can be a starting time, such as a priority queue 16. If
rate control 1is utilized, then the virtual clock keeps track of
time as a function c¢f a predetermined period of time whether or not

there 1s no service provided to an entity.
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In the operation of the invention, several users receive
service from a server 1l4. The users have cells which either at
separate times or at the same time require the operation of the
server 14. As long as no user having cells calls upon the server
14 at the same time, or are waiting for the server 14, a user will
request service from the server 14 and receive service from it.
However, if this 1s not the case, then a scheduler 10 will schedule
when the users with cells will be served by the server 14.

During operation, the scheduler 10 logs in the time a
user first requests service from the server 14. The scheduler 10
also logs in the latest time the user should finish waiting for
service from the server 14. The scheduler 10 records the start
time and the finish time for each user that requests service from
the server 14. This information is obtained from the user and from
the virtual clock 20 identifying when the user has first started
waiting for the service from the server 14. This can occur by the
entity sending a signal to the server 14 or the scheduler 10 when
1t requests service; or by the scheduler 10 or the server 14 using
a sensor, or trigger to identify when the entity is requesting
service. This aspect of the invention can be similar to how a
telecommunications switch operates to switch signals which arrive
at the switch from several connections, as is well known in the

art.

When the server 14 1is available to service a user, the
scheduler 10 determines which user of the users waiting for service
from the server 14 has the earliest finishing time. The user with
the earliest finishing time is then provided service by the server
14 and the user's cell 1s operated upon by the server 14. If the
users have the same finishing time, then the server looks at which
user has the earliest start time and provides service to the user
with the earliest start time. The scheduler 10 causes the user to
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receive service from a server 14 even though its time to finish

waiting for service may not as yet have occurred.

As each user 1is served by the server 14, the scheduler 10
looks for the next user to receive service from the server 14. A
user that has a high rate will receive service from the server 14
more often than a user with a lower rate. However, as the user
with the higher rate receives service from server 14, there will be
instances where a user with a lower rate will receive service from
the server 14 because i1t will have an earlier finish time and/or an
earlier start time than a user with a higher rate. Because the
scheduler 10 1s not controlled by the user receiving service from
the server 14 when 1its finish time occurs, users with lower rates
can receive service from the server 14 intermittently when the
server 14 is not providing service to a higher rate. Thus, because
the server 14 1s controlled by the fact that over a given unit
cycle of operat'ion, 1t has certain service capability, and that all
the rates of the different users combine to equal that unit rate
for the cycle, then over the course of a cycle, each user will have
service provided by the server 14.

As a simple example, five users A-E have rates of .5, .2,
.1, .1, .1, respectively. At time V=0, each user A-E has a cell
which arrives for service from a server 14. The cell from user A
has a finishing time of V=2, the cell from user B has a finishing
time of V=5, and the cells from users C, D and E have finishing
times of V=10. This is shown in figure 2.

At time V=0, since the cell from user A is present and it
has the earliest finishing time of V=2 of all the cells waiting for
service, the server 14 services user A. Because the server 14

services user A, the time is advanced one unit to V=1.
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At time V=1, the server 14 serves the cell from user B,
since 1t has the earliest finishing time of V=5, as shown in figure
3. Since the server 14 operates on the cell of user B, the time is
incremented by one unit so V=2.

At V=2, a cell from user A arrives having a start time of
V=2 and a finish time of V=4, as shown in figure 4. At V=2, the
server 14 services the cell from user A because the finishing time
for the cell of user A of V=4 has the earliest finish time. When
server 14 operates on the cell of user A, the time is advanced to
vV=3.

At time V=3, the server 14 operates on the cell from user
C since it has as early a finish time of V=10 as any of the cells
walting for service, as shown in figure 5. Upon the server 14

serving the cell from user C, the time is advanced to V=4.

At time V=4, a cell from user A arrives to be serviced by
the server 14. It arrives at time V=4 and has a finish time of
V=6, as shown in figure 6. The server 14 serves the cell from user
A since it has the earliest finish time of V=6. The time is then
advanced to V=5.

At time V=5, a cell from user B arrives to receive
service from server 1l4. The cell has a start time of V=5 and a
finish time of V=10. At time V=5, the server 14 provides service
to the cell from user D since all the cells waiting for service
have the same finish time but the cell from user D has a start time
of 0, which is as early as a cell from user E but earlier than the

cell from user B. See figure 7. After the server 14 services the
cell from user D, the time is advanced to V=6.
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At time V=6, a cell from user A arrives for service from
server 1l4. The cell has a starting time of V=6 and a finish time
of V=8. The server 14 provides service to the cell from user A
since the cell has the earliest finish time of the cells waiting
for service from server 14. See figure 8. Upon servicing by the
server of the cell from user A, the time is advanced to V=7.

At time V=7, the server 14 provides service to the cell
from user E since it has the earliest start time of V=0 and the
same finish time as the cell from user B waiting for service from
the server 14. See figqure 9. After the server 14 provides service

to the cell from user E, the time 1is advanced to V=8.

At time V=8, a cell from user A arrives for service from
the server 14. At time V=8, the server 14 provides service to the
cell from user B since it has the earliest start time of V=5 and
the same finish time as the cell from user A waiting for service
from the server 14. See figure 10. After the server 14 provides
service to the cell from user B, the time advances to V=9.

At time V=9, the server 14 provides service to the cell
from user A since 1t has the earliest finish time of any cells
waiting for service from the server 14. See figure 11. See figure
11. At this point in time, a unit cycle has been completed and all
the users have received service. After the server 14 provides

service to the cell of user A, the time advances to V=10.

At time V=10, a cell from user A arrives for service with
a finish time of V=12, a cell from user B arrives for service with
a finish time of V=15, and a cell from each of users C, D and E
arrive with finish times of V=20 (not shown). The cycle then

repeats itself as described above.
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Another simple example that describes operation of the
scheduler when the rates of the users add to be less than one is
now given. In this example, there are three users A-C having rates
of .5, .2 and .1, respectively.

At time V=0, cells from user A, B and C have arrived
having start times of V=0. The cell from user A has a finish time
of V=2, the cell from user B has a finish time of V=5, and the cell
from user C has a finish time of V=10. See figure 12. At V=0, the
cell from user A recelves service from server 14 since it has the
earliest finishing time of V=2 of the cells. Because the server 14

services user A, the time is advanced one unit to vV=1.

At V=1, the server 14 services the cell from user B,
since it has the earliest finishing time of V=5 of the cells. See
figure 13. The time is then advanced by one increment to V=2.

At time V=2, a cell from user A arrives for service from
the server 14. The server 14 services the cell from user A since
it has the earliest finish time of V=4 of the cells. See figure

1l4. The time 1is then advanced by one increment to V=3.

At time V=3, the server provides service to the cell from
user C since it is the only cell that has a starting time earlier
than the present virtual time of V=3 and it also has a finish time
of V=10. See figure 15.

After the server 14 services the cell from user C, the
virtual time is advanced by one increment to the earliest starting
time of a cell that requires service from the server 14. In this
case, the earliest starting time of a cell waiting for service is

V=4, which happens to be one increment of time from V=3.
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At time V=4, a cell from user A arrives for service from
the server 14. The server 14 provides service to the cell from
user A since 1t has a start time of V=4, which is equal to the
present virtual time, and has a finish time of V=6 which is the
earliest finishing time of any cell waiting for service from the
server 14. See figure 16. Upon the server 14 providing service to
the cell from user A, there being no other cells having starting
times earlier or at the present virtual time of V=4, the virtual
time is incremented to the earliest start time of a cell that
desires service from server 14. In this case, the virtual time is
incremented by one unit to V=5 since the cell from user B will have

a start time of V=5 when it requests service from the server 14.

At time V=5, a cell from user B arrives for service fron
server 14. At time V=5, the server from server 14 provides service
to the cell from user B since the cell from user B has the earliest
finish time of any cell waiting for service from server 14. See
figure 17. Upon the server 14 providing service to the cell from
user B, the virtual time is incremented to the next virtual tinme
that corresponds to the earliest start time that a cell would
require service from the server 14. In this instance, a cell from
user A has a start time of V=6. Accordingly, time is incremented
by one unit to V=6.

At time V=6, a cell from user A arrives for service from
server 14. At time V=6, the server 14 provides service to the cell
from user A because it has the earliest finish time. See figure
18. The virtual time is then incremented to V=8 and not to V=7
since the earliest start time of a cell waiting for service from
server 14 will occur at V=8. Thus, the virtual time is incremented
by two units in this instance. It should be noted that if a rate
control embodiment was implemented where the virtual time is
incremented by 1 unit of time, then virtual time would be
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incremented to V=7, not V=8. At V=7, the server 14 would not
provide service to any user. After a predetermined period of time,
the virtual time is then incremented one unit to v=8.

At time V=8, a cell from user A arrives for service from
the server 14. Server 14 provides service to the cell from user A
since it has the earliest finish time. See figure 19. After the
server 14 provides service to the cell from user A, time is
incremented to V=10 since at V=10 is the earliest start time for

cells waiting for service from server 14. The virtual time is then
incremented by two units from V=8 to V=10.

At V=10, cells from users A, B and C arrive for service
from server 14. The finish time for the cell from user A is V=12,
the finish time for the cell from user B is V=15 and the finish
time for the cell from user C is V=20 (not shown). At V=10, there
are no cells appearing for service since the figure only goes up to
V=10 but V=10 is shown in figure 20 since there are finish times
assoclated with V=10, although they are not shown.

Several examples of the implementation of the invention
are found in the appendix. Note, the RC before VSQ stands for rate
control 1in two of the examples. To better understand these
examples which show elements which are preferably cells in regard
to an ATM network arriving into an element pool 24 to be operated
upon by a server 14, several operations of the scheduler 10 will be
described.

In example 1, there are three entities 12 Eonnected to an
element pool 24. These entities 12 have associated with them a
weight and a rate. For instance, user 0 associated with the Oth
entity 12 has a weight of .5 and a rate of .5. User 1 associated
with the first entity 12 has a weight of .333 and a rate of .333.
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User 2 assoclated with the second entity 12 has a weight of .166
and a rate of .166. At time T=1, the virtual time is 0. Cells
000, 001 and 002, corresponding with the 0th, 1st, 2nd entities 12
of the 0th, 1st and 2nd users arrive at the element pool 24. Their
start times when they first started in the element pool 24 and
their finish times when they are to have left the element pool 24
are recorded in the starting priority queue 16 and the finishing
time priority queue 18, respectively. This is shown in the start
time column and the finish time column and the start queue column

and the finish queue colunmn.

In the start time column, user 0 has the second or last
position in regard to when the cell 000 associated with the 0th
user arrived 1in the element pool 24. The time that the element
arrived 1n the element pool is at time T=0. In the finish time
column, the user 0 has the first or 0th position, since its finish
time of T=2000 is the earliest finishing time of all the elements
in the element pool 24. For user 0, there 1is a quantity Q
identified in the column Q showing there is but 1 cell of user 0 in
the element pool 24. In the start queue column, user 0 is in the
last or second position and its starting time T=0. However, in the
finishing time priority queue 18 under the finish queue column,
user 0 1is 1in the 0th position because the time T=2000 is the
earliest finishing time of all the elements in the element pool 24.

In regard to user 1, 1t has a start time position of 1
and an associlated start time T=0. Its finish time position is also
1 because 1ts finish time of T=3000 is the second earliest
finishing time of the three cells in the element pool 24. There is
a quantity of one cell in the element pool 24 associated with user
1 and in the starting time priority queue 16, the user 1 is in the

1 position with 1ts time T=0. User 1 also has the 1 position in
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the finish queue column since its time to finish is the second
earliest of the cells in the element pool 24.

User 2 has the earliest or Oth position in the starting
time priority queue 16 and has time T=0. It has a finishing time
position of last or 2 since its time T=6000 is the latest finish
time of all the cells in the element pool 24. The user 2 has a
quantity Q of one cell in the element pool 24 and a start queue
position of 0 with a time T=0. In the finishing time priority
queue 18, 1t has a finish gueue position of 2 because its finish
time of T=6000 is the latest finishing time of the three cells in
the element pool 24.

In operation at time 0000, the cell of user 0 is operated
upon by the server 14. This 1is reflected by the user 0 having a
start time of -1 with a time T=0 and a finish time of position -1
for time T=2000. The quantity Q of user 0 is now 0 since its
corresponding cell has been operated upon by the server 14 and is
no longer in the element pool 24. 1In the starting time priority
queue 16, the user 0 has a position of -1 with a time T=-1
reflecting the fact that the user 0 is no longer present in the
element pool. The finishing time priority queue 18 also reflects
the finishing queue of user 0 having a -1 in the element pool 24
since the cell associated with user 0 is no longer present in the
element pool 24. Because the server can only operate on one cell
at a time, only the cell of user 0, which has the earliest
finishing time, is removed from the element pool 24. The remaining
users have theilr positions moved up one notch in regard to their
finish time since now time T=3000 for the cell of user 1 is the
earliest finishing time and the time T=6000 for the cell associated
with user 2 is now the second latest finishing time. Also, as is
apparent from the example, since all the cells of user 0, 1 and 2
have arrived at the same starting time in the element pool 24, even
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though their weights may be different, they are ordered in the
starting time priority queue 16 on the basis of highest user number
to lowest user number, although essentially any scheme of ordering

could be chosen.

At time T=2 and the virtual time now equal to 1000 (since
the server 14 has just operated on a cell, the virtual time is
increased by one unit of virtual time -- here 1000) new cells from
user 1, user 2 and user 3 arrive at the element pool 24. User O
has a start time of T=2000 since that is the time identified with
its arrival in the start time priority queue 16. It has a position
of 1 in the finish time priority queue 18 because its finish time
T=4000 1s second earliest of the cells in the finish time. 1In
addition, the quantities of user 1 and user 2 are now both 2 since
each of these users also have additional cells in the element pool
24 at time T=2. Since user 1 has the earliest finishing time of
3000 of all the cells 1in the element pool 24, and it also has a
start time of T=0 which is earlier than the time V=1000 and is thus
present in the element pool 24, then it is this cell which is the
cell in the element pool 24 which is provided to the server 14 to
be operated upon by the server 14. Thus, in the next operation of
the server 14, the server 14 serves the cell of user 1 that has the
finishing time of T=3000. This cell is removed from the element
pool 24, and the starting time priority gqueue 16 and finish tinme
priority queue 18 are thus adjusted. The quantity of cells for
user 1 1s now reduced to 1 while the quantity of cells for user 0
remains 1 and the quantity of cells for user 2 remains 2. Since
there is a remaining cell still in the element pool 24 for user 1,
lts presence becomes apparent in the start time column with a time
T=3000 and a finish time of T=6000 in the finish time column.

At time T=3, V=2000 since a cell was operated upon by
this server 14 causing the virtual time of V=1000 to be incremented




CAr=ae

10

15

20

25

30

92150967

-2Q -

by one unit of time. At time T=3 and V=2000, only one new cell
arrives. This new cell is from user 0. This is reflected by the
quantity of cells in the element pool 24 being 2 for the user 0.
At this time, user 0 has a cell in the finishing time priority
queue 18 of T=4000, which is the earliest finishing time. Since
this cell also has a start time of T=2000, it is present in the
element pool 24 at time V=2000 and it is the cell to be operated
upon by the server 14. When the server operates at T=3 and virtual
time equal to 2000, the cell of user 0 having finishing time T=4000
is removed from the element pool 24 and is operated upon by the
server 14. The quantity of cells associated with user 0 in the
element pool 24 is then reduced by 1.

At this point, all the finishing times of all the cells
of the users are T=6000. Thus, in regard to the finishing times
all being equal, the start times then become controlling in terms
of which cell is operated upon next by the server. This can be
seen at time T=4 and V=3000 where user 2 has two cells in the
element pool 24 with the earliest one having a start time T=0. It
1s this cell of user 2 that is then operated upon by the server 14.
The remainder of the examples should be understood based on the

explanation above.

In a specific application of the invention, an ATM swifch
element has one to N 1input connections 102 and one to M output
connections 104, as shown in figure 21. ATM cells are received by
the switch element 100 through the input connections 102. The
switch element 100 operates on the cells and sends them on their
way through output connections 104. Whenever a cell comes in over
a specific input connection 102, it is placed in a pool 106, as is
well known in the art, and informs the scheduler 108 of the switch
element, as 1s well known in the art, of the presence of the cell

in the corresponding pool 106. It should be noted that each input

-
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connection 102 can have its own unique pool 106 in which cells
entering the switch element 102 are stored or there can be a common
pool 106 in which all cells from each individual input connection
102 are stored until the server 110 of the switch element is ready
to operate upon then.

The scheduler 108 of the switch element 100 operates as
described above except in the ATM context, the finish time is
determined by the finish time identified in the scheduler for the
cell as well as a bid value that has been provided by the cell in
order to obtain service by the server 110 of the switch element
100. This use of a bid is well known in the art. See, for
instance, "Gigabit Networking" by Craig Partridge, Addison Wesley,
1994; "ATM User Network Interface Specification, Version 3.0" by
the ATM Forum, Prentice Hall, 1994; "Asynchronous Transfer Mode
Networks: Performance Issues", by Raif O. Onvural, Artech House,
Inc., Norwood, Mass. 1994, and "Comparison of Rate-Based Service
Disciplines" by Hui Zhang and Srinivasov Keshav, Proceedings of ACM
SIGCOMM '91. .

In regard to packets, every packet can be stamped as is
known in the art. Furthermore, as is known in the art, and from
the above, the packet at the head of a queue can be computed based
on the above and not all of the packets in that queue need tovbe

stamped. Ideally, the first N packets could be stamped, and any
packets thereafter would not need to be stamped, where N is the
maximum number of service intervals a packet can be late in

recelving service.

Generally, for the i1'th packet,
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S§=DMX(F§“1, V(a]j) ) ’

i_oi, Lk
Fk =Sk+ .
Wi

where L = length of the i'th packet
and a,' is the arrival time of the i'th packet for service

and v(a,') is the virtual time at the arrival time a,.

Although the invention has been described in detail in
the foregoing embodiments for the purpose of illustration, it is to
be understood that such detail is solely for that purpose and that
variations can be made therein by those skilled in the art without
departing from the spirit and scope of the invention except as it

may be described by the following claims.
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USER# (pos, T) | (pos, T) Q | ( U, | ( U, T)
0o ( O, 16000) | ( O, 18000) 21t o, 16000} | ( o, 18000}
1 (2, 18000) | ( 1, 21000) 1)t 2, 18000) | ( 1, 21000)
2 ( 1, 18000) | ( 2, 24000) 1) ¢ 1, 18000) | ( 2, 24000)
SERVING U000
Start Time | Finish Time | Start Queue | Finish Queue
USER# (pos, T) | t(pos, T) Q) ( u, T) | ( U, T)
o ( 2, 18000) | ( O, 20000) 1]t 2, 18000) | ( O, 20000)
1 (1, 18000) | ( 1, 21000) 1 | (1, 180600) | ¢ 1, 21000)
2 (0, 18000) | ( 2, 24000) S T B ¢ 18000) | ( 2, 24000)
T= 19
V= 18000
ARRIVALS. ...
U000
U001
U002 |
Start Time | Finish Time | Start Queue | Finish Queue
USER# (pos, T) | (pos, T) Q| ( u, Ty | (U, T)
0  ( 2, 18000) | { O, 20000) 211 2, 18000) | ( O, 20000)
1 1, 18000} | ( 1, 21000) 2 |t 1, 18000) | ( 1, 21000)
2 (0, 18000) | ( 2, 24000) 2 | ( o, 18000) | ( 2, 24000)
SERVING U000
Start Time | Finish Time | Start Queus | Finish Queue
USER# (pos. 7y | (pos, T) Q| t u, Ty | ( U, T)
o { 2, 20000) | ( 1, 22000) 1) (2, 18000) | ( 1, 21000)
1 (1, 18000) | ( O, 21000) 2 |t 1, 18000} | ( O, 22000)
2 { 0, 18000) | ( 2, 24000) 2 | ¢ o, 20000) | ( 2. 24000)
0 7G.106667340000004
W = Weilght, R = Rate e
Max E = Max Early, Max L ="Max Late, (both in units of that users service Ul
con | W R should send did send Max E Max L
0 0.500000 0.500000 10 10 0.500000 0.000000
1 0.333333 0.333333 6 6 0.333334 0.000000
2 0.166657 0.166667 3 3 0.333333 0.000000
AW = Achievable Rate, RR = Realized Rate, AB = Average Bufter Size
con # W R AR RR AB
0 0.500000 0.500000 0.500000 0.500000 1.000000

.}

¢.333333 0.333333 0.333333 0.300000 1.150000
0.1666E7 0.166667 0.166667 0.150000 1.300000
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AW

{pPas, T)
( -1, 0}
( -1, d)
{ -1, Q)
Finish Time

(pos, T)
( =1, Q)
( -1, Q)
(-1, 0)
Finish Time

(pos, ™
( -1, 0)
( -1, Q)
( -1, Q)
Finish Time

(pos, )
( -1, 0)
( -1, G)
( =1, 0}

{pos, T)
( Q, 2000)
( -1, 0)
( -1, Q)

Finish Time

(pos, )
( -1, 2000)
( -1, 0)
( -1, 3)

{pos., )
{ =L, Z000)
{ «, . 6004)
( —1, Q)
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-/vsq.m alg = 0, cime = 20, mark = 0, inc =
R .
G.300000 0.500000 0.500000
0.332300 0.333300 0.333300
0.166660 0.166660 0.166660
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1

( O, T)
( ~1, -1)
( -1, -1)
( -1, ~1)
Start Queue
( U, T)
( -1, -1)
{ =1, -1)
( -1, -1)

SEart Queue

( U, T}
( -1, -1)
( -1, -1)
( -1, -1)
Starr Queue

( U, T}
( -1, -1}
( -1, -1)
( -1, -1)

e 4

{ U, ™)
( @, 0)
{ -1, -1)
( -1, -1)

Starc Queue

( U, ™
( ~-1, -~1)
( *La ""l}
{ -1, -1}

A - B3 T P e eyl e

( U, T)
( 1, 3000)
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Finish Queue

u, T)
-1, -1)
-1, ~1)
-1, -1)
Finish Queue

U, T)
-1, -1)
-1, -1)
-1, -1)

Finisn Queue

U, )
=1, -1)
-1, -1)
-1, ~-1)
finish Queue

U. T}
-1, ~1)
-1, -1)
-1, ~1}
Finish Quaue
d, T)

Q, 2000)
-1, ~-1)
-1, -1)
Finish Queue

U, ‘)
-1, ~1)
-1, -1}
-1, -1)

Finish Queuse

u, “T)
L. 6000)
-L,. -1)
=1, -1}

B0 WD ‘b St et i s e sy



Scart Time
USER4$ (pos, )
0 ( -1, 0)
1 ( —1, 3000}
2 ( -1, 0}
T= 5
V= 7000
ARRIVALS. . ..
U000
Starc Time
USERS ({pos, T
0 ( 0, 7000)
1 ( -1, 3000)
2 { -1, 0)

SERVING U000

Start Time

USER# (pos. T)
0 ( -1, 7000)
1 ( -1, 3000)
2 { -1, 0)
T= 6
V= 10000
ARRIVALS. . ..
start Time
USER4# (poOs, T)
0 { -1, 7(00)
] { -1, +000)
2 ( -1, 0)
Start Time
USERS (pOS, T)
0 ( -1, T000)
1 ( -1, 3000)
2 ( -1, Q)
T= 7
U= 10000
ARRIVALS. ...
ugoo
yaol
U022
start Time
USERE (py0sS., T)
0 ( 2, 10000)
] { 1, 10000)
2 ( O, 10000)
SERVING 00U
Start Tine
USERE (pos, T)
0 {({ -1, 10000)
| ( 1, 10000)
2 { 0O, 10000)
T= 8
V= 11000
ARRIVALS. . ..
Start Time
USERE (pu, ‘")
0 ( l, FDOOD)
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Finish Tine

(poOs, T)
( -1, 2000)
{ -1, 6000)
( -1, 0)

Finish. Time

{pos, T)
( O, 3000)
( -1, 6000)
{( -1, 0)

Finish Time

{pPoSs, T)
( -1, S3000)
({ -1, 6000)
( -1, 0}

Finish Time

({pPOs, T}
{ -1, 3000)
( -1, 6000)
( -1, 0)
Finish Time

{pOS, T)
( -1, 3000)
( -1, 6000)
{ -1, Q)

Finish Time

{pos, T)
( O, 12000}
( 1, 13000}
{( 2, 16000)

Finish Time

({pos., T)
{ -1, 12000)
( 0, 13000)
( 1, 16000)

Finish Time
| PGS, T)
( -1, 12000)
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Scarrc Queue

{ U, )
( -1, —-1)
( -1, ~1)
( -1, -1)

sctart Queue

( U, T)
{ G, 7000)
( -1, -1)
( -1, ~1)

scart Queue

( u, - T)
( -1, -1)
{ -1, -1)
{ -1, -1)

Start Queue

( U, ‘")
{ -1, - 1)
( -1, -1)
( -1, -1}
scart Queue
{ U, T)
( -1, ~1)
{ -1, -1}
{({ -1, -1}
ha 4
Start Queue
{ U, T)
{ 2. 10000)
( 1, 10000)
{ O, 10000)
Start Queue
{ U, T)
{ 2. 10000)
( 1, 10000)
{ ~1, -1)

Start Quelw
( U, T}
{ 2, 10000 )
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Finish Queue

U, T)
-1, -1}
-1, -1)
=1 .

-1)

Fiiishh Queue

L, T)
0, 3000)
-1, -1)
-1, ~1)

Finisli Queue

u, T)
-1, -1)
-1, -1)
-1, -1)

Finish Queuw

U, T)
-1, - 1)
1, -1)
-1, ~1)
Finish Quute
U, T)
-1, ~ 1)
-1, -1)
-1, -1}

Finish Queue

U, T)
g, 12000)
1, 13000)
— 16000)

Finisli Queuc

U, T)
l, 13000)
2, 16000}
-1’

-1)

Finish Quoeue
i}, ™)
1, 130uU0)
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1 ( 1, 1.0000)
2 { O, 1.0000)
SERVING U001
gtart Time
USERE (poOs, T)
0 ( -1, 1.6000)
1 ( -1, 1.0000)
2 | 0, 1.0000)
T= 9
V= 12000
ARRIVALS....
uoaoo
start Time
USERS (pos, T)
0 { 1, -2000)
1 ( -1, 10000)
2 ( 0, 10000)

SERVING UG00

Start Timse

USER# (pos, T)
0 { -1, +2000)
1 ( -1, 10000)
2 ( 0, 10000)
Ta= 10
V= 13000
ARRIVALS. ...
gool
Start Time
USERE (pos, T)
0 ( -1, 12000)
L { 1, 13000)
2 { Q, 1.0000)
SERVING U002
Start Tima
USER# (pos, i
0 { -1, 12000}
1 ( O, 1L3000)
2 { =L, 1L0000)
T= 11l
V= 14000
ARRIVALS. ...
Joao.
start Time
USERS- {pos,. ™
Q { I, 14000)
1 { Q, 13000)
pa { -1, 10000)

SERVING UQQL

Start Time

USER# (pos, ™
a ( Q.. 14000)
L ( -1, 13004).
2 ( -1, 10000)
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(o, 13000}
| 1, 16000)

Finish Time

|

| (pos, T)
| ( -1, 12000)
| (-1, 13000)
(0, 16000)

Finish Time

|

| (pos,. T)
| ( G, 14000)
| ( -1, 13000)
| ¢ 1, 16000)

Finisn Time

|

| (pos. T)
| ( -1, 14000)
| ( -1, 13000)
| ¢ o, 16000)

Finish Time

|

| (pos, T)
| ( -1, 14000)
| ( 1. 16000)
| ( O, 16000)

Finish Time

I

| (pos, T)
b (-1, 14000)
| ( O, 16000)
I ( -1, 16000)

FPinish Time

|

| (pos, T)
| (1, 16000)
| ¢ o, 16000)
| 16000)

( -1,

Pinish Time

I

| (pos., - T)
| ¢ a4,  16000)
| ( -L. 16000)
| ( -L, 16000)
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Start Queue

( U, T)
( 2, 10000)
( -1, ~-1)
( -1, -1)

Start Queue

( 11, ™)
( 2, 10000)
( O, 12000)
{ -1, -1)

Stcart Queue

( U, T)
{ 2, 10000)
{ -1, -1)
( -1, -1)

Start Queue

{ U, T)
( 2, 10000)
( 1, 13000}
(-1, -1)

start Quaue

( O, T)
( L, 13000)
( -1, ~-1)
( -1, -1)

Starrc Queue

( U, T)
( 1, 13000)
( 0,  14000)
( =L, -1)

Stcart Queue

{( U, T}
{ 0, 14000)
{ -1, -I).
{ -1, -1)
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16000)

-1, ~1)

Jt\‘,

Finish Queue

U, T}
iy 16000)
-5, -1)
-1, -1)

Finisii Queue

U, T)
0, 14000)
2, 16000)
-1, -1)

Sinisn Queue

U, T)
2, 16000)
-1, ~1)
-1, -1)

Finishh Queue

U, 'T)
2, 16000)
15000)
~1, -1)

Finish Queue

U, T)
1, 16000)
-1, ~-1)
-1, -1)

Finish Queue

u, T)
1, 16000)
a, 16000}
-1, -1)

Finish Queue

U, ™)
a,. 16000)
-1, -1.)
-1, -1)

.....



T= 12
V= 15000
ARRIVALS. ...
Start Time
USER#% (pos. T)
0 ( 0, 14000)
1 ( -1, 13000)
2 ( -1, 10000}
SERVING U000
Starrt Time
USERH (pous, T)
0 ( -1, 14000)
1 ( -1, 13000)
s ( -1, 10000)
T= 13
V= 17000
ARRIVALS. ...
uooo
U001
0002
Start Time
USER# (pos, ’T)
0o { 2, 17000)
1 { 1, 17000)
2 ( O, 17000)
SERVING UO0GO
Sgcare Time
USERY (pos, T)
0 ( -1, 17000)
1 { 1, 17000)
2 ( O, 17000)
T= i4
V= 18000
ARRIVALS. ...
start Time
USERN (pos, T)
0 ( -1, 17000}
1 ( 1, 17000)
2 ( O, 17000)
SERVING U001
Scart Time
USERE (pous, T)
U { -1, 17600)
] ({ -1, 17000)
2 ( O, 17000)
T= 15
V= 19000
ARRIVALS. ...
(J00O0
Scart Time
USER¥ (pos, | T)
0 ( 1, 19000)
1 ( -1, 17000)
2 ( 0, 17000)
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Finish Time

(pPOs, T)
( O, 160040)
{ -1, 16000)
{ -1, 16000}
Finish Time
(pos, T)
( -1, 16000)
( -1, 16000)
( -1, 16000)
Finish Time
(pos, T)
( O, 19000)
( 1, 20000)
( 2, 23000)
Finish Time
(pPOs, T}
{ -1, 19000}
( O, 20000)
{ 1, 23000)
Finish Time
{pos, T)
{ -1, 19000)
( O, 20000)
( 1, 23000)
Finish Time
({pos, T)
(-1, 19000)
( -1, 20000)
{ 0, 23000)
Finish Time
{pos, T)
{ O, 21000)
( -1, 20000)
{ 1, ~3000)
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Start Queue

U, T)
G, 14000)
-1, -1)
-1, -1)
start Queue
i, ')
-1, -1)
-1, -1)
-1, -1}
Start Queue
U, T}
2, 17000)
1, 17000)
0, 17000)
Start Queue
U, T}
2, 17000}
1, 17000)
-1, -1}
o
Start Queue
u, ™
2, 17000)
1, 17000)
-1, -1)
Start Queue
(I, T)
2, 17000)
-1, -1)
-1, -1)

Sctart Queue

U,

L 170

0, 190
-1,

T)
00)
00)
-1)

|
|
|
|
|
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S Finlsh Queue

{ U, T)
( O, 16000)
( -1, -1)
{ -1, -1)

Finish Quae

{ U, T)
( -1, -1)
( -1, ~1)
(

- 1)

Finitsh Quuue

( 1, T}
( O, 190040)
( i, 20000)
[ 2 -3000)

Finish Queiie

(1, T)
( 1, 20000}
{ 2, 23000)
{ -1, -1}

Finish Queuw

{( U, T

( 1, 20U040)
{ 2, 23000}
( -1 -1}

Finish Queuc
L), )

(

( 2, 23000)
( -1, -1)
( -1, 1)

Finish Quaeue

( U, T)
(- G, 21400)
{ = 23000)
{ -1 - 1)
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SERVING U000

Start Time | Finish Time |  Start Queue | Finish Queue
USERS (pos, T) | (pos, T) Q| ( u, ™ | ( U, T)
0 ( -1, 19000) | ( -1, 21000) o1 ( 2, 17000) | ( 2. 23000)
1 (-1, 17000) | ( -1, 20000} 0 | ( -1, -1) | (-1, -1}
2 0, 17000) | ( O, 23000) 1 | (-1, -1) | (-1, ~1)
T= 16
V= 20000
ARRIVALS....
U001
start Time | Finish Time | Start Queue |  Finish Queue
USER# (pos, T) | (pos, T) Q| ¢ wu, ™ | ¢ U, T)
0 ( -1, 13000) | ( -1, 21000} o | ( 2, 17000) | ( 2, 23000)
1 { 1, 20000) | ( 1, 23000) U I G O 20000) | ( 1, 23000)
2 ( O, 17000} | ( O, 23000) 1 | ( -1, -1) | ( -1, -1} ‘
SERVING U002
Start Time | FPinish Time | Start Queue | Finish Queue
USER# (pos, T) | (pos, T) Q| « u, ™ | ( U, T)
0 ( -1, 13000) | ( -1, 21000) 0 | ( 1, 20000) | ( 1, 23000)
1 (0, 20000) | ( Q, 23000) 1| (-1, -1) | -1, -1}
2 { -1, 17000} | ( -1, 23000) 0| ( -1, -1) | ( -1, -1)
T= 17
V= 21000
ARRIVALS. ...
U0Qo
Scart Time | Finish Time | Start Queue | Finish Queue
USER# (pos, ™ | (pos, T) Q| ¢ u, ™ | (U, )
o { 1, 21000) | ( 1, 23000) 1] ¢ 1, 20000) | ( 1, 23000)
L (0, 20000) | ( O, 23000) 1] ¢ o0, 21000) | ( O, 23000}
2 { -1, 17000) | ( -1, 23000) o | ( -1, -1) | { -1, -1)
SERVING U001
e 4
Start Time | Finish Time | Start Queue | Finish Queue
USER# (pos, T) | (pes, T) Ql ( u, ™ | ( 4, T)
a ( O, 21000) | ( O, 23000) 1} ¢ o, 21000) | ( O, 23000)
I { -1, 20000) | ( -1, 23000) 0 | ( -1, -1} | ( -1, -1)
Z (-1, 17000) | ( -1. 23000) 0| ( -1, -1) | ¢ -1, ~1)
T= 18
V= 22000
ARRIVALS....
Start Time | Finish Time | Start Queue | Finish Queue
USER# (pos., TY | (pos. T) Q| ( u ™ | ( U. T)
0 ( O, 21000y | ( O, 23000) L | ¢ @, 21000) | {( O, 23000)
r (-1, 20000) | ( -1, 23000) 0 | ( -L, -1) | ( =i, ~1)
2 { -1, 17000) | ( -1, 23000) o | ( -1, -1y | ¢ =1, ~1)
SERVING U000
scart Time | Finish Time | Start Queue [ Finish Queue
USERM (pos, T | (pos, ™ Ql ( u, ™ | ¢ u, T)
a ( -1, 21000) | ( -1, 23000) 0 |- ( -1, -1y | ( -1, ~1)
L { -L 20000) | ( -1, 23000) o | ( -1, -1) | ( -1, -1)
2 (-1, 17000) | ( -1, 23000) o | ¢ -1, -1) | ( -1, -1)

o L&‘
= 24000
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o
ARRIVALS. . ..
uoGoo
U001l
Uuoo2
Start Time | Finish Time | Start Queue | Finish Queue
USER# (pos, T) | (pos, T) o | ( wu, T | « U, T)
o { 2, 24000) | ( O, 26000) ) I 24000) | ( o0, 26000}
1 1, 24000) | ( 1, 27000) 1} 1, 24000) | ( 1, 27000}
2 (o0, 24000) | ( 2, 30000) 1 | (o, 24000) | ( 2, 30000)
SERVING U000
Start Time | Pinish Time | Start Queune Finish Queue
USERY (pous. T) | (pos, T) Q| ( u ™ | ( o, T)
0 ( -1, 24000) | ( -1, 25000) o] ( 2, Z4000) | ( 1, 27000}
1 ( 1, 24000) | ( O, 27000) 1 | (1, 24000) | 2, 30000)
2 (O, 24000) | ( 1, 30000) 1| -1, -1y | (-1, -1}
0 0 14.332999999999998

W = Weight, R = Rate
Max E = Max Early, Max L = Max Late, (both in units of that users service Lime

con # W R should send did send Max E Max [,
0 0.500000 0.500000 10 9 0.000000 1.000000
1 0.333300 0.333300 6 S 0.000000 0.660400
2 ., 0.156060 0.166660 3 2 0.000000Q0 0.660000
AW = Achievable Rate, KRR = Realized Rate, AB = Average Buffer Size
con # W R AR RR AB
0 0.500000 0.500000 0.500000 0.450000 0.100000
1 0.333300 0 333300 0.333300 0.250000 0.200000
.

0.156660 0.166660 0.1666460 0.100000 0.300000
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cime = 10

R
0.400000
0.300000
0.100000
0.100000
0.100000

AW
0.333300
0.250000
0.200000
0.100000
0.200000

con # W
0 0.333300
1 Q.2503000
2 0.100000
3 0.100000
4 0.100000
= 1
Ve 0
ARRIVALS
U000
U001l
Uuogo2
uoo3
U004
Stcart Time
USER# (pos, T)
0 { 4, Q)
1 ( .3, i Q)
2 ( 2, )
3 ( 1, 0)
4 ( O, 0)
SERVING 0000
Start Time
USER¢ (pos, T)
0 ( -1, 0}
1 ( 3, 0)
2 { 2, 0)
3 ( 1, 0)
4 ( @, Q)
T= 2
V= 10000
ARRIVALS. ...
Start Tine
USER$ (pos. T)
4 ( -1, a)
L 3, Q)
2 ( 2, 0)
] .( 1, 0)
4 ( 4Q, Q)
SERVING U001l
Start Time
USER# (pos, T)
0 ( -1, 0)
1 ( -1, 0)
2 ( 2, Q)
3 ( 1, Q)
§ ( O, Q)
T= 3
V= 20000
ARRIVALS.. ..
Ugao:
sSctart Time
USERS (pos, )
a { 3, 10003)
)8 ( ~-L,. Q)
z ( 2, 0)

|
|
|
|
|
|
l
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Finish Time

(pos, T)
( O, 30003)
( 1, 40000)
( 4, 100000}
( 3, 100000)
( 2, 100000)

Finish Time

(pos, T)
( -1, 30003)
( 0, 40000)
{ 3. 100000}
{ 2, 100000}
( 1, 100000}

Finish Time

{pos, )
{ -1, 30001)
( O, 40000)
( 3, 100000)
( 2, 100000)
( 1, 100000)

Finish Time

{pos., T)
( -1, 30003)
( -1, 40000)
{ 2, 100000)
( 1, 100000}
{ @, 100000)

Finish Time

(pos, T)
{ O, 600068)
{ -1.. 40000)
(

3. 100000Q)

sStart Queue

|
Q| ( o, T)
1] 4, 0)
1 | (3, 0)
1} o0 2, 0)
1 | (1, )
1 | ( o, )
| Start Queue
Q| ( u, T
0| ( 4, 0)
1 | ( 3, 0)
1 ] (2, 0)
1 | ( 1, 0)
1| (-1, ~1)
| SKRArc Queue
Q| ( u, T)
c | ( 4, 0)
1L} ( 13, 0)
L | (2, 0)
O A S 0)
1} ( -1, -1)
| Start Queue
Q| ( uo, T)
o] ( A4, 0)
e | ( 13, 0)
L} ¢ 2, 0)
1| { -1, ~1)
1L | ( -1, -1)
| Start Queue
Q! ( u, T)
1 Y Y )
o | ( 13, Q)
1 |t Z, 0)
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Finish Queue

U, T)
g, 30003)
1, 40000)
4, 100000)
3, 100000)
2, 100000}

finish Queue

g, T)
l, 40000)
3, 100000}
3, 100000)
d, 100000}
-1, ~1)

Finish Queue

G, T)
1, 40000)
4, 100000)
3, 100000)
- 100000)
-1, -L)

Finish Queue
U, T)
g, 100000)
3, 100000)
2, 100000)

-1, ~1)

-1, -1)

Finish Queue
U, ™)

Q. 50006}
., 10000Q)
3, 100000}
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3 (1. 0) |

2, 100000) 1} ¢« o, 30003) | ( 2, 100000)
q ( 0, 0) ( 1, 100000) 1] (-1, -1y | (-1, -1}
SERVING U004
Start Time | Finish Time i Start Queue |  Finish Queue
USER# (pos, T) | (pos, T) Q|  u, Ty | o, T)
o { 2, 30003) | ( O, 60006 ) 1} 3, 0y | t O, 60006 )
1 (-1, 0) | ( -1, 40000) o} ( 2. o} | ( 3, 100000)
2 {1, 0y | { 2, 100000) 1} (o, 30003) } ( 2, 100000}
3 ( 0, o) | 1, 100000) 1 | (-1, -1} | ( -1, -1}
4 ( -1, 0y | ( -1, 100000) 0 | ( -1, -1}y | -1, -1)
T= q
V= 30000
ARRIVALS. ...
U001
Start Time | Finish Time | Start Queue | Finish Queue
USER# (pos, T) | (pos.. T) Q| ¢ wu, ™ | ( u, T,
0o ( 2, 30003) | ( O, 60006 ) 1 | (3, 0) | ( o, 60006 )
1 3, 40000} | ( 1, 80000) 1]t 2, 0) | ( 1, 80000)
2 (1, 0y | ¢ 3, 100000} 1| ( o, 30003) | ( 3, 100000)
3 ( 0, 0) | ( 2, 100000} 1] (1, 40000} | ( 2, 100000)
4 (-1, 0) }| ( -1, 100000} o | ( -1, -1y | -1, -1}
SERVING U003
Start Time | Finish Time | Start Queue |  Finisb Queuc
USER{ (pos, ™) | (pos. T) Q! ( u, Ty | (U, ')
o ( 1, 30003) | ( O, 60006 ) 1§t 2, 0y | ¢ o0, 60006 )
1 2, 40000) | ( 1, 80000) 1 | ¢ o, 30003) | ¢ 1, 80000)
2 {0, o) | ¢ 2, 100000) I D 10000) | { 2, 100000)
3 ( -1, gy | ¢ -1, 100000) 0| ( -1, -1) |}t -1, -1}
4 ( -1. 0y | ( -1, 100000) 0 | ( -1, -1y |t -1, -1)
T= 5
V= 40000 .
ARRIVALS....
Start Time | Finish Time |  Start Queue [ Finish Queue
USERF (pos, T) | (pos, T) Qf ( u, ™ | ( wu, T)
o ( 1, jooo3) | ( o, 60006) 1] ¢ 2, oy | ¢ 0. 60006)
1 {2, 40000) | ( 1, 80000) 1] ¢ o, 30003) | ¢ I, 80000)
2 { 0, o) | ¢ 2, 100000) 1} ¢ 1, 40000) | ( 2, 100000°
3 { -1, o) | ( -1, 100000) 0| ¢ -1, -1y | ( -1, -1)
4 (-1, 0y | ¢ -1, 100000) o} (-1, -1) | ¢ -1, -1)
SERVING U000
Scart Tima | Finish Time |  Start Queue | Finish Quuue
UISERY (pos, T) | (pos. T) Q| t o, ™ | (7w, 1)
.0 ( -1, 3uueldy | (-1, 60006) c | ( 2, o) | ¢ 1, BOUDO)
S G S 40000) |} ( O, 80000) 1 | (1, 40000) | ( 2, 100000)
2 ( 0, 0y | { 1, 100000) 1 ] (-1, -1y }t -1, -1)
3 ( -1, 0) | ¢ -1, 100000) o} t -1, -1}t -1, -1)
.4 { -1, 6 } ¢ -1, 100000) o | ¢ -1, 1)y | -, -1)
7= :
iVa 50000
' ARRIVALS. . ..
00O
Starc Time | Finish Time | Start Queue | Finish Quoene
USERN¥ (pus, Ty | {pos, 7) Q | t,. Ty | (v, T)
o ( 2. 00006} | ( 1, 90009) 1|2, o) | 1. 800U00)
] ( 1, 10000} | ( O. B0000) 1}t 1 a0000) | ( 0, 30009 )
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2 { Q. 3}
3 ( -Ll 0,
4 ( -1, J)

SERVING UO0OL
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10000Q0)
( -L, 1300000}
{ -1, 100000}

Start Time | Finish Time
USER¥ (pos, Ty | (pos, T
Q ( 1, §0005) | ( O, 30009)
L ( -1, 40000) ( -1, 80000)
2 (0, 3 } ¢ 1, 100000)
3 { -1, M | 1 -1, 100000)
& (-1, 3) | ( -1,  100000)
T=. 7
V= 860000
ARRIVALS....
Uuoo1l |
Start Time | Finish Tima
USERS (pos, T}y | (pos, T)
0 ( 1, 60006) | ( O, 90009)
1 ( 2, 80000 | ( 2, 120000)
2 ( O, 0y | (1, 100000)
3 ( -1, 0}y | ( -1, 100000)
4 ( -1, 0y | ( -1, 100000}

I s s ey et v Ve Kyt | ol - 5 20 Amberet, g g Ao bbb ead T aiviives afigel

SERVING U002

Start Time
USERE (pos, T)
0 ( O, 6000438)
L ( L, 800Q010Q)
2 ( -1, 2}
3 ( -1, 3)
4. { ~L, 2)
Te= g
Vo 70004
ARRIVALS.. . .
Start Time:
USERS# (po=x,. T)
4§ ( a, 8600065)
L S 800003)
Z. ( -1.- 0)
1 { -L,. J)
4. { -L, )

SERVING. U000.

Starec Time
USER¥ (posx, ‘T
Q ( L, 90009)
L { a,. 84004Q)
p. (. -1, 3}
k. ({ —L,. Q)
" ( —-L,. J)
T= "9
Ve 86000%C
ARRIVALSL... ...
Stare Tine
USER# (pox.. Ty
a. { L, 900049 )-
L ( O, 8000Q)

il PRt Galnifhit Genduinfly SRSl Gl SEE———

Finish Tima

{pos, ™)
{ 0, 900085)
( 1, 120000}
( -1, 100Q0Q0)
{ -1, 100000)
( -1, L00000)
Finisk Time

(pos., T)
( Q, 90009)
( 1L, 120000)
( -L, 100000)
( —L, 100004Q)
{ ~-L. 100000}

Finish Time

(pos., T)
{ 1, 120012)
( O, 120000)
( ~-L, 1.0a00a)
{ -1, 1300000}
{ =L, 10000Q)
- Finiskx Timee
{pox,. ™.
( L. 120012)
{ O, 12.0000)

1 TR I AN LG Y G G
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O O r~ O r O

OO rrr0

OO0 0O r - K

pPeerpNpP

ePoprrP

{
| ( -1, -1)
( -1, -1)

Start Queue

|

(U, T)
b2, 0)
| ( G, 5§0006)
| ( -L, -1)
| ( -1, -1)
| ( -1, -1)

Start Yueue

l

l ( q, T)
b (2, 0)
| (0, §0006)
| (1, 80000)
| ( -1, -1)
I (-1, -1)

Start Queue

I

| ( O, )
| 0, 560006)
| 1, 380000)
| ¢ -1, ~1})
| ( -1, -1)
I ( -1, ~1)

-

| Starc Queua

I ( U, T
| ( @, 63006)
| 1, 80000}
| ( =L, ~1)
| ( -L,. ~1)
| ¢ =1, ~1)

Start Quausa:

L ata s L STV VL SERRTTS AW & WY SV

Q, 50006)

I

| ¢ a, T)
| ( L, 30000)
| ¢ 0. 90009)
l ( ~-L,. -1)
| ¢ -L. -1)
| ( -L.. -1)
| Start Queuar

|  u,. . -
| ¢ L, 80000)
| ¢ O, 90009)

i i G G—— o) R —— W —

_._“ﬁ

iy, gite, iy geu, e gy,

2, 1000C0)
-1, -1
-1, ~1)

Finish Queue

U. T)
0, 30009)
2, 100000)
-1, -1)
-1, ~1)
-1, ~1)

Einish Gueue

U, T)
2, 30009}
Ly 100000)
L, 120000)
-1, -1}
-1 ~1]}

Finisn Queue
U, T)
3. 90009
L, 120000)

-1, -1)

-1, -1)
-1, -1)
Finish Queuea
3, T)
Q, 90009)
1, 120000)
-1, -1)
-1, ~L)
-1, -L1)

Finish Queue
U, ™)
1, 120000)
Q, 120012)

-1, -1)
-1, -1.)
-1, t N
Finish. Queua:
J,. ™)

L. 120000)
Q, 120012)
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-1, 0) 100000) 0 | ( -1, -1) |t -1, -1)
3 (-1, 6y | ( -1, 100000) 0} ( -1, -1y | ( -1, -1)
4 ( -1, 0) ! ( -1, 100000) o | ( -1, -1y | ( -1, -1)
SERVING U001
Sctart Time | Finish Time | Start Queue [ Finish Queuc
USERE¥ (pos, T) | (pos, T) Q} ( u, ™ | ( u, T)
0o ( o, 90009) | ( O, 120012) 1 1 ( o, 30009) | ( 0, 120012)
1 (-1,  80000) | ( -1, 120000) o | (-1, -1y | (-1, -1)
2 -1, 0) | ( -1, 100000) 0] (-1, -1} | ( -1, -1)
3 -1, 0) | ( ~1, 100000) o0 | ( -1, -1y (-1, -1)
4 (-1, 0) | ¢ -1, 100000) 0| ( -1, -1) | ¢ -1, -1)
con # W R shiould send did send Max E Max I,
0 0.333300 0.400000 3 3 0.666700 0.000000
1 0.250000 0.300000 2 3 0.750000 0.000000
2 0.100000 0.100000 1 1 0.300000 0.000000
3 0.100000 0.100000 1 ] 0.600000 0.000000
4 0.100000 0.100000 1 1 0.700000 G.000000
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./ . . /rcwsql alg = L, Time = 10
czn ' X AV
J 3.133200 0.400000 0.333300
1 0.250000 0.300000 0.250000
2 0.100000 0.:00000 C.100000
1 3.120000 0.100000 C.100000
i 3.100000 0.100000 C©.100000
T= 1
V= 0
ARRIVALS. ...
UoQo
Uool
3002
U003
U004
starct Time | Finish Time | Start Queue ! Finisn Queue
USER# (pos., T}y | (pos, T) Q| ( U, ™ | (U, T)
8 ( o, 3¢003) | (O, §0006) L}t 0, 30003) | « 9O, 300086)
1 (1, 10000) | ( 1 30000) O O O 10000y | « 1, 30000)
2 ( 4, 10C000) | ( 4,  200000) y | ¢ 4, 100000} | { 4. 200000}
3 ( 3, 100000} | ( 3, 200000} S N i0c00e) | ¢ :. 200000}
4 (2, 100000} | ( 2, 200000) LA 100000y | |« . 200000}
MOT SERVING ANY USER
T= 2
V= 10000
ARRIVALS. ...
Starc Time | Finish Time | Start Queue [ Finisn Quens
USERK (pos, ™ | (pos, ™) Q| « u, ™ | ( u. g
0 ( O, 30003) | ( O, 60006) L | « O, 30003) | ¢ O, U008 )
1 ( 1, 1€000) | ( 1, 80000) S S 10000) | ( 1, 80000)
2 {( 4, lo00000) | ( 4, 200000) A 100000) | ( 4,  200000)
3 ( 3, 100000) | ( 3, 200000} 1} ¢ 3, 100000) | ( 3, 200000}
i ( 2, 100000y | ( 2, 200000) L} ¢ 2, 100000) | ( 2. 200000}
NOT SERVING. ANY USER he
T= 3 . -
V= 20000 '
ARRIVALS. ...
Starc Time | Finish Time | Start Queue | Finish Queue
USERN (pos, ™ | (pos, T) Q¢ u ™ | « u, 1)
o ( 0. 30003) | O, §0006) 2| ( o, 30003) | { o, 50006)
A 40000) | ( 1, 80000) L] oL, 10000) | ( . 30000)
2 { 4, logooo) | ( 3, 200000) L | ( 4, 100000) | ( 4., 200000)
3 ( 3, 1000000 | ( 3, 200000) 1 | ¢ 3, 100000) | ¢ . 200000)
i { 2, 100o00) | ( 2, 200000) b ] ¢ 2, 100000) | ¢ 2, 100000)
HOT SERVING ANY USER
T= 4-
V= 30000
ARRIVALS. . .. ]
StacrC Time | Pinish Time | Starr Queue |  Finish Queua
USER¥ (pos., ™Y | (pos, T) Ql ( u, ™ | ( u, )
e ( o, l0003) | ( O, 60006) 2| { O, Joo03) | ( o, 50006)
1 { L, 40000) | ( 1, 80000) 2} ¢ 1, 100000 | { 1, 800060)
2 ( 4, lo0000) | { 4, 200000) L)oA, 100000) | ( 4,  200000)
3 ( 3, 100000) | { 3, 200000) S I T 1000006) | ( 3,  ouuen)




4 (2. 100000) |

NOT SERVING ANY USER

T = 5
V = 40000
ARRIVALS. ..
Start Time
USER# (pos. T)
0 ( O 30003)
1 ( 1. 40000)
2 (4. 100000)
3 ( 3 100000)
4 ( 2 100000)

SERVING UQQO

Start Time
USER# (pos. T)
0 (1 60006)
1 (0 40000)
2 ( 4 100000)
3 ( 3 100000)
4 (2 100000)
T = 6
V = 50000
ARRIVALS. ...
Start Time
USER# (pos. T)
0 (1. 60006)
1 (0. 40000)
2 (4. 100000)
3 (3. 100000)
4 (2. 100000)

SERVING UQ0001

Start Time
USER# (pos. T)
0 ( 0. 60006)
1 ( 1. 80000)
2 (4. 100000)
3 (3. 100000) |
4 (2. 100000) |
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2, 200000)

Finish Time

(pos. T)
( 0. 60006)
(1. 80000)
( 4. 200000)
(3. 200000)
( 2. 200000)

Finish Time

(pos T)
(1 90009)
(0 80000)
( 4. 200000)
( 3. 200000)
( 2. 200000)

Finish Time

(pos. T)
(1. 90009)
( 0. 80000)
( 4. 200000)
( 3. 200000)
(2. 200000)

Finish Time

(pos. T)
( 0. 90009)
(1. 120000)
( 4. 200000)
( 3. 200000)
( 2. 200000)

05

1 | (2, 100000)

Start Queue
Q| ( U. T)
21 (0. 30003)
21 (1. 40000)
1| ( 4. 100000)
1| ( 3. 100000)
1] ( 2. 100000)
Start Queue
@ ( U. T)
1| ( 1. 40000)
21 ( 0. 60006)
11 ( 4. 100000)
1| ( 3. 100000)
1| ( 2. 100000)
| Start Queue
o| ( U. T)
2 (1. 40000)
2 ( 0. 60006)
1t (4. 100000)
1| ( 3. 100000)
1| ( 2. 100000}
Start Queue
Qi ( U. T)
2 (0 60006)
1 (1. 80000)
1| ( 4. 100000)
1] ( 3 100000)
1| (2. 100000)

(

200000)

Finish Queue

U.

0
1
4 .
3
2

T)
60006)
80000)

200000)
200000)
200000)

Finish Queue

U.

1
0.
& .
3
2

200000
200000

T)
)
90009)
)
)
200000)

Finish Queue

N W O

200000
200000

T)
)
90009)
)
)
200000)

Finish Queue

U.

0
1.
4.
3
2

T)
90009)
120000)
200000)
200000)
200000)



T = 7
V = 60000
ARRIVALS. ..
Start Time
USER# (pos. T)
0 ( 0 60006 )
1 ( 1. 80000)
2 ( 4. 100000)
3 (3 100000)
4 (2 100000)
NOT SERVING ANY USER
T = 8
V = 70000
ARRIVALS. ...
Start Time
USER# (pos. T)
0 ( 0. 60006)
1 (1. 80000)
2 ( 4. 100000)
3 (3. 100000)
4 (2. 100000)

SERVING UQOOO

Start Time

USER# (pos. T)
O ( 1. 90009)
1 ( 0. 80000)
2 ( 4. 100000)
3 (3. 100000)
4 ( 2. 100000)

T = 9

V = 80000

ARRIVALS. .

Start Time

USER# (pos. T)
0 ( 1. 90009)
1 ( 0. 80000)
2 ( 4. 100000)
3 (3. 100000)
4 ( 2. 100000)
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Finlish Time
(pos. T) Q
(0. 90009) 2
( 1. 120000) 2
( 4. 200000) 1
(3. 200000) 1
(2. 200000) 1

Finish Time
(pos. T) Q
( 0. 90009) 3
(1. 120000) 2
( 4. 200000) 1
(3. 200000) 1
(2. 200000) 1

Finish Time
(pos. T) Q
( 1. 120012) 2
(0. 120000) 2
( 4. 200000) 1
( 3. 200000) 1
(2. 200000) 1

Finish Time |
(pos. T) Q]
(1. 120012) 2
(0. 120000) 2
( 4. 200000) 1
( 3. 200000) 1
( 2. 200000) 1

05

Start Queue
U.

I i T o o N e S o N

Staxrt Queue
U.

(
(
(
(
(
(

S
(
(
(
(
(
(

Start Queue |
U. |

N W b PO

N W e = O

N W s O

N W o O

T)
60006)
80000)
100000) |

)
)

100000
100000

T
80000
90009

100000
100000

)
)
)
100000)
)
)

tart Queue
U.

T)
80000)
90009)

100000)

100000)

100000)

e S S . Y e T e o N

Finish Queue

U.

N W s BB O

200000
200000

T)
)
120000)
)
)
200000)

Finish Queue

U.

0
1.
4 .
3
2

T)
)
120000)
200000)
)

)

200000

Finish Queue

U.

N W b O

200000

T)
)
)
200000)
)
200000)

Finish Queue

U.

D W O

)
120000)
120012)
200000)

)
)
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SERVING UQQOL1l

Start Time Finish Time Start Queue Finish Queue
USER# (pos. T) (pos . T) Q| ( U. )| ( U. T)
0 (0 950009) (0. 120012) 2| ( 0. 90009)| ( 0. 120012)
1 (4. 120000) ( 1. 160000) 1| ( 4. 100000)| ( 1. 160000)
2 (3. 100000) (4. 200000) 1| ( 3. 100000)]| ( 4. 200000)
3 ( 2 100000) ( 3. 200000) 1| (2. 100000)} ( 3. 200000)
4 (1. 100000) | ( 2. 200000) 1] ( 1. 120000)| ( 2. 200000)
conf W R should send did send Max E Max L
0 0.333300 0.400000 3 2 0.000000 0.666500
1 0.250000 0.300000 2 2 0.000000 0.500000
2 0.100000 0.100000 1 0 0.000000 0.000000
3 0.100000 0.100000 1 0 0.000000 0.000000
4 0.100000 0.100000 1 0 0.000000 0.000000
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE PROPERTY
OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A scheduler for controlling when N entities, where N
is an integer > 1, are operated upon by a server comprising:

a starting time memory having arrival times s; of the N
entities, where 1<i<N and is an integer, and s; corresponds to the
time the i’th entity first requests service from the server;

a finishing time memory having finishing times f, of the
N entities, where f, corresponds to the time the i’th entity is to
be operated upon by the server;

a virtual clock that keeps track of virtual time so the
arrival times s, and finishing times f. can be identified; and

a controller which chooses entities to be operated upon
by the server in the order of the entities with an earliest
finishing time f, and an arrival time s; being operated upon first,
and then the entities with the earliest or latest starting time s.
or having the highest or lowest id or rate if their finishing times
are the same being operated upon next at each given time, with
entities able to be operated upon by the server before their
finishing time f,, else if there 1is no entity with an arrival time
less than or egqual to virtual time, the server does not provide
service to any entity and the virtual clock increments virtual time
as a function of time.

2. An apparatus as described in Claim 1 wherein the

controller provides service to the entities from the server
sequentially.
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3. An apparatus as described in Claim 3 wherein the
controller causes the virtual clock to move present virtual time
forward by one unit of virtual time after a predetermined time has

passed i1if the server does not provide service to an entity.

4. An apparatus as described in Claim 3 wherein the
starting time memory is a starting time priority queue and the
finish time memory is a finishing time priority queue.

5. A scheduler as described in Claim 4 including an
element pool which is connected with the N entities and receives
elements from the N entities to be operated upon by the server, and
wherein the arrival times s; of elements corresponds to the time an
element from the i’th entity arrives in the element pool and the
finishing times f. compared to the time ‘an element from the i’th
entity is to leave the element pool and be operated upon by the
server and the controller transfers elements to the server from the
element pool.

6. An apparatus as described in Claim 5 wherein the
controller 1is connected to the virtual clock, the element pool, the
starting time memory and the finishing time memory for controlling
time of the virtual clock, storing the elements in the element pool
and their arrival times s, and their finishing times f; in the
starting time priority queue and the finishing time priority queue,
respectively.

7. An apparatus as described in Claim 6 wherein the
controller transfers the element out of the element pool which has
the earliest finishing time f; and a starting time s., unless there
is more than one element with the earliest finishing time f. in
which case the element with the earliest starting time s. 1is
transferred out of the element pool by the controller and before
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its finishing time f,, unless there is no element with a starting
time s; less than or equal to virtual time, in the element pool, in
which case the controller does not transfer an element from the
element pool.

8. An apparatus as described in Claim 1 wherein the
controller causes the virtual clock to increment virtual time by
one unit of virtual time after a predetermined period of time.

9. A method of scheduling when a server provides service
to entities comprising the steps of:

requesting service from the server by N entities, where
N>1 and 1s an integer;

storing when each of the N entities first requests
service from the server and when each of the N entities is to have
received service from the server; and

providing an entity of the N entities service which has
the earliest receiving time and a request time, unless there is
more than one entity with the earliest receiving time in which case
the entity with the earliest request time is provided service by
the server and possibly before its finishing time; unless there is
no entity with a request time less than or equal to virtual time,
in which case the server does not provide service to an entity.

10. A method as described in Claim 9 including after the
providing step, there is the step of repeating the providing step
in regard to other entities who have requested service from the
server.
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11. A scheduler for controlling when N entities, where
N is an integer > 1, are operated upon by a server comprising:

a starting time memory having starting times s. of the N
entities, where 1<i<N and is an integer, and s; corresponds to the
time the i’th entity first requests to be operated upon by the
server; '

a finishing time memory having finishing times f. of the
N entities, where f. corresponds to the time the i’th entity is to
have been operated upon by the server;

a virtual clock that keeps track of time so present
virtual time, arrival times s, and finishing times f. can be
identified; and

a controller which chooses entities to be operated upon
by the server in the order of the entity with an earliest finishing
time f. and a starting time s; being operated upon first, and then
the entities based on a predetermined criterion, said controller
causing the virtual clock to increment present virtual time by a
unit of virtual time after a predetermined period of time.

12. A scheduler for scheduling when N entities each of
which has a weight w, where N is an integer > 1 and w is a real
number, are served by a server comprising:

a starting time memory having starting times s; when the
N entities request service, where 1 £ 1 < N and is an integer, and
s; 1s the time at which the i’th entity may next get service from
the server;
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a finishing time memory having finishing times f. when
the N entities should be serviced, where f. 1s the time by which
the i1’th entity should be serviced by the server:;

a virtual clock that keeps track of time V., where k > 0
and is an integer and

where V, ., 1s the

virtual time when the server last served an
entity; and

a controller which chooses which entity is to be operated
upon by the server in the order of the entity with an earliest

finishing time f. and a start time S. receiving service first, and

then the entities based on a predetermined criterion unless there

18 no entity with a starting time s; less than or equal to
R

virtual time, in which case the server is idle.

13. A scheduler for controlling when a server provides
service to entities comprising:

a memory having times which are a function of when
entities request service from the server;

a virtual clock that keeps track of virtual time as a

function of a predetermined period of time if there is no service
provided to an entity; and

a controller which causes an entity to receive service
from the server as a function of virtual time.
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14. A method for scheduling when a server provides
service to entities comprising the steps of:

identifying when an entity requests service from the
server;

providing service to the entity as a function of virtual
time; and

incrementing virtual time by one unit of virtual time or
after a predetermined period of time if there is no service
provided to an entity.

15. A method as described in Claim 14 wherein the
incrementing step includes the step of incrementing virtual time by
one unit of virtual time after a predetermined period of time if
there 1is no service provided to an entity.
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