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-The execution time of a task depends on which processor it executes on.

=

Focus of this talk.




Different views on a heterogeneous multiprocessors:

A heterogeneous multiprocessor is
synthesized for a specific application.

A heterogeneous multiprocessor is a
general-purpose computing platform.



Different views on a heterogeneous multiprocessors:

A heterogeneous multiprocessor is a
general-purpose computing platform.

View taken in this talk.




How many different types of processors does the computer
system have?

-Two types of processors
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-Two types of processors
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Different assumptions about task migration:

-A task can migrate to any processor,

-A task can migrate but only between processors of the
same type;

-A task cannot migrate.
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Different assumptions about task migration:

-A task can migrate to any processor,
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-A task cannot migrate.
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Different task models
-Dependent tasks: An arrival of a task is dependent on
an event related to another task.

- Independent tasks: An arrival of a task is independent of
events related to other tasks.
+ periodic tasks
* Implicit deadline
* explicit deadline
+ sporadic tasks
* Implicit deadline
* explicit deadline
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Different task models
- Dependent tasks: An arrival of a task is dependent on
an event related to another task.
- Independent tasks: An arrival of a task Is independent of
events related to other tasks.
+ periodic tasks
* Implicit deadline
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* Implicit deadline
* explicit deadline

Different scheduling algorithms:
- RM
- EDF
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Model

P! denotes the set of all processors of type-1.
P2 denotes the set of all processors of type-2.
r denotes a set of tasks 7={z,7,,..., T,};

Atask z assigned to a processor of type-1 has utilization U:*.
Atask 7 assigned to a processor of type-2 has utilization U:?.

Problem statement

Assign tasks to processors so that each processor is

utilized to at most 100%.
17



={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

Example of a problem instance
@D

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80
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Example of a problem instance

={ 71, 7, T3y T4} P={P,}, PZZ{PZ’PS}-

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

U12:0.4O
U,2=0.40
U,2=0.80

I:)l
U,2=0.80

<D
@D

P,

|
We can do the assignment like this.
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={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

Let us try First-Fit

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80

O@
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U,1=0.90
U,1=0.40
U,1=0.40

Let us try First-Fit

U,2=0.40
U,2=0.40
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U,2=0.80
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={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

Let us try First-Fit

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80

P3
0.80
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={ 71, 7, T3y T4} P={P,}, PZZ{PZ’PS}-

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

Let us try First-Fit

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80

0.90

P,
0.40

P3
0.80

There is no processor on which z, can be assigned.
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Let us try First-Fit

={ 71, 7, T3y T4} P={P,}, PZZ{P2’P3}-

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

U,2=0.40
U,2=0.40 @
U,2=0.80
I:)l
U,2=0.80
0.90

P,
0.40

P3
0.80

First-Fit fails on this task set.
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Let us try First-Fit

={ 71, 151 T3, T4} Plz{Pl}’ PZZ{PZ’PS}-
7, U[=0.90 U,2=0.40
5 U,'=0.90 U,?=0.40 D @
z,  Uy'=0.40 U,2=0.80 > AN
1

0.90 0.40 0.80

First-Fit has inifinite competitive ratio on heterogeneous
multiprocessor with two types (shown In the paper),




Design ldeas

ldeal: Try to assign a task on
the processor where its
utilization is smaller.

Idea 2: if UI<THRESHOLD and
U2 >THRESHOLD then
assign task 7 to
processor of type-1.
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Design Ideas  Partition the task set

ldeal: Try to assign a task on '={ 7 «c rsuch that U< U:?}
the processor where its 7?={ 7 o« rsuch that U'> U:?}
utilization is smaller.

Idea 2: if UI<THRESHOLD and
U2 >THRESHOLD then
assign task 7 to
processor of type-1.
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Design Ideas  Partition the task set

Ideal: Try to assign a task on '={ 7 «c rsuch that U< U:?}
the processor where its 7?={ 7 o« rsuch that U'> U:?}
utilization is smaller.

H1 ={  «c 7! such that U2>1/2}

Idea 2: if U!<THRESHOLD and F1 ={ 7« 7} such that U;<1/2}

U2 >THRESHOLD then
assign task 7 to
processor of type-1.
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Design Ideas  Partition the task set

ldeal: Try to assign a task on '={ 7 «c rsuch that U< U:?}
the processor where its 7?={ 7 o« rsuch that U'> U:?}

utilization is smaller.
H1 ={  «c 7! such that U2>1/2}

Idea 2: if UI<THRESHOLD and F1={ 7« 7 such that U?<1/2}
U:2>THRESHOLD then H2 = { 7 2 such that U>1/2}
assign task z to F2 ={ z o« 72 such that U,1<1/2}

processor of type-1.
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Algorithm Outline Partition the task set

Form the sets H1,H2,F1,F2
first-fit( H1, P1)
first-fit( H2, P?)
first-fit( F1, P1)
first-fit( F2, P?)

abhwnhE

2'1:{ T, oC 7 such that Uils Uiz}
7?={ 7 o« rsuch that U'> U:?}

H1 ={  «c 7! such that U2>1/2}
F1={ 7« 7 such that U?<1/2}
H2 ={ © o 72 such that U;'>1/2}
F2 ={ z o« 72 such that U,1<1/2}
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Algorithm Partition the task set

Form sets H1, H2, F'1, F2

vp: Ulpl =0

Vp: Tlp] = 0

if first-fitt H1, P') # H1 then declare FAILURE

if first-fit( H2, P2) # H2 then declare FAILURE
F11 := first-fit( F'1, P1)

F22 := first-fit( F2, P?)

if (F11 = F1) A (F22 = F2) then declare SUCCESS
if (F'11 # F1) A (F22 # F2) then declare FAILURE

Cif (F11 # F1) A (F22 = F2) then

F12:=F1\ F11

if first-fit( F'12, P2) = F'12 then
declare SUCCESS

else
declare FAILURE

end

. end
Jif (F11 = F1) A (F22 # F2) then

F21 :=F2\ F22
if first-fit( 721, P1) = F'21 then
declare SUCCESS
else
declare FAILURE
end
end

'={ 7 «c rsuch that U< U:?}
7?={ 7 o« rsuch that U'> U:?}

H1 ={  «c 7! such that U2>1/2}
F1={ 7« 7 such that U?<1/2}
H2 ={ © o 72 such that U;'>1/2}
F2 ={ z o« 72 such that U,1<1/2}

32



) o

23.
24.
25.

FFE-3C Partition the task set

Form sets H1, H2, F'1, F2

vp: Ulpl =0

Vp: Tlp] = 0

if first-fitt H1, P') # H1 then declare FAILURE

if first-fit( H2, P2) # H2 then declare FAILURE
F11 := first-fit( F'1, P1)

F22 := first-fit( F2, P?)

if (F11 = F1) A (F22 = F2) then declare SUCCESS
if (F'11 # F1) A (F22 # F2) then declare FAILURE

Cif (F11 # F1) A (F22 = F2) then

F12:=F1\ F11

if first-fit( F'12, P2) = F'12 then
declare SUCCESS

else
declare FAILURE

end

. end
Jif (F11 = F1) A (F22 # F2) then

F21 :=F2\ F22
if first-fit( 721, P1) = F'21 then
declare SUCCESS
else
declare FAILURE
end
end

'={ 7 «c rsuch that U< U:?}
7?={ 7 o« rsuch that U'> U:?}

H1 ={  «c 7! such that U2>1/2}
F1={ 7« 7 such that U?<1/2}
H2 ={ © o 72 such that U;'>1/2}
F2 ={ z o« 72 such that U,1<1/2}
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FF-3C

Form sets H1, H2, F'1, F2
Vp: Ulp] =0
Vp: Tlp] = 0

if first-fitt H1, P1) # H1 then declare FAILURE
if first-fitt H2, P?) # H?2 then declare FAILURE
F11 := first-fit( F'1. P1)
F22 := first-fit( F'2. P?)
if (F11 = F1) A (F22 = F2) then declare SUCCESS
if (F11 # F1) A (F22 # F2) then declare FAILURE
if (F11# F1) A (F22 = F2) then
F12:=F1\ F11
if first-fit( F12, P2) = F'12 then
declare SUCCESS
else
declare FAILURE
end
end

Cif (F11 = F1) A (F22 # F2) then

F21 :=F2\ F22

if first-fit( £21, P1) = F21 then
declare SUCCESS

else
declare FAILURE

end

. end

00N ;IR

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

function first-fit( ts : set of tasks: ps : set of processors)

return set of tasks
assiened tasks = 0

If ps consists of type-1 (type-2) processors, then order
ts by decreasing /2 /U1 (resp.. incr. Ul /U2).

Use any order for processors ps, but maintain it
during the execution of the function first-fit.
T; = first task in ts
p := first processor in ps
Let %k denote the type of processor p (either 1 or 2)
if U[p]-l—U:" < 1 then
Ulp] = Ulpl+UF
Tlpl = 7lpl U {r:}
assigned_tasks = assigned_tasks U {7}
if remaining tasks exist in ts then
T; = next task in ts
go to line 5.
else
return assigned_tasks
end if
else
if remaining processors exist in ps then
P = next processor in ps
2o to line 6.
else
return assigned_tasks
end if
end if
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Applying FF-3C on an example
OB

={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

U,!=0.90
U,1=0.90
U,1=0.40
U,1=0.40

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80
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Cif (F11 # F1) A (F22 = F2) then

. end
Jif (F11 = F1) A (F22 # F2) then

FF-3C

Form sets H1, H2, F'1, F2
vp: Ulpl =0

Vp: Tlp] = 0

if first-fitt H1, P') # H1 then
if first-fit( H2, P?) # H2 then de
F11 := first-fit( F'1, P1)

F22 := first-fit( F'2, P?)

clare FAILURE
lare FAILURE

if (F11 = F1) A (F22 = F2) then dedNare SUCCESS

if (F111 % 1) A (F'22 # ['2) then decl

F12:=F1\ F11

if first-fit( F'12, P2) = F'12 then
declare SUCCESS

else
declare FAILURE

end

F21:=F2\ F22

=

0a b

=1 e

o o

function first-fit( ts : set of tasks; ps : set of processors)
return set of tasks
assigned_tasks = ()
If ps consists of type-1 (type-2) processors, then order
ts by decreasing U2 /Ul (resp., incr. U} /U2),
Use any order for processors ps, but maintain it
during the execution of the function first-fit.
T; = first task in ts
p := first processor in ps
Let k denote the type of processor p (either 1 or 2)
if Ulp]4+-UF < 1 then
Ulp] = Ulpl4+-U~
Tlpl = 7lpl U {r:} _
assigned_tasks := assigned_tasks U {7; }
if remaining tasks exist in ts then
T; = next task in ts
go to line 5.
else
return assigned_tasks
end if
else
if remaining processors exist in ps then
P = next processor in ps
2o to line 6.

\
L et us execute this line.




Applying FF-3C on an example
OB

={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

z  U/=0.90 U,2=0.40

r,  U,1=0.90 U,2=0.40

r,  Ug'=0.40 U,2=0.80 5

7,  U,=0.40 U,2=0.80 P, P,

t'={r;, 74} H1={13,7,} F1={}
v={r, 55} H2={7y,7,} F2={}
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. end
Jif (F11 = F1) A (F22 # F2) then

FF-3C

Form sets H1, H2, F'1, F'2
:*J‘-p: Ulp] =0
vp: Tlpl = 0

it hrst-hit( A1, P:l} = H1ithen declare FAILURE

if first-fit( H2, P<) # H2 then declare FAILURE
F11 := first-fit( F'1, P1)

F22 .= first-fit( F'2, P?)

if (F11 = F1) A (F22 = F2) thég declare SUCCESS
if (F11# F1) A (F22 # F2) then\Jeclare FAILURE

Cif (F11 # F1) A (F22 = F2) then

F12:=F1\ F11

if first-fit( F'12, P2) = F'12 then
declare SUCCESS

else
declare FAILURE

end

F21:=F2\ F22

1. function first-fit( ts : set of tasks; ps : set of processors)
return set of tasks

2. assigned_tasks = ()

3. If ps consists of type-1 (type-2) processors, then order
ts by decreasing U2 /Ul (resp., incr. U} /U2),
Use any order for processors ps, but maintain it
during the execution of the function first-fit.

4. T; = first task in ts

5. p := first processor in ps

6. Let k denote the type of processor p (either 1 or 2)

7. if Ulpl+UfF <1 then

8. Ulp] := Ulp]+-UF

9. 7lpl = Tlpl U {7} |

assigned_tasks := assigned_tasks U {7; }

if remaining tasks exist in ts then
T; = next task in ts
go to line 5.
else
return assigned_tasks
end if
else
if remaining processors exist in ps then
P = next processor in ps
2o to line 6.
1

,_,
o= o

N
Let us execute this line.




Applying FF-3C on an example

={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

5 U/=0.90
5, U,1=0.90
5 Usl=0.40
T U,t=0.40

t'={r;, 74} H1={13,7,} F1={}
v={r, 55} H2={7y,7,} F2={}

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80

O

D

Py

0.80
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FF-3C

1. function first-fit( ts : set of tasks; ps : set of processors)
- return set of tasks
1. Form sets H1, H2, F'1, F2 2. assigned_tasks = ()
2. Vm U[[J] -= () 3. If ps consists of type-1 (type-2) processors, then order
3. VpTlpl =0 ts by decreasing U2 /Ul (resp., incr. U} /U2),
A, if first-fitt H1. P1) # H1 then declare FAILURE Use any order fof processors ps, but mainfain i
' ) : ’ ing t ti t ti st-1it.
5. fif firstfit( H2, P2) # H2 then declare FAILURE L o it ek e O
6. F11 := first-fit( F'1, P1) 5. p := first processor in ps
7. F292 .= first-fit( F'2, P?) 6. Let k& denote the type of processor p (either 1 or 2)
8. if (F11 = F1) A (F22 = F?2) thwa declare SUCCESS 7~ if UPIHUF < 1 then
0. if (F11 # F1) A (F22 # F2) thedeclare FAILURE E[[E]l = ﬁgj]lﬁi{r_}
10 if (F11 # F1) A (F22 = F'2) then assigned_tasks = assigned_tasks U {7;}

11. F12:=F1\ F11
12, if first-fit( F'12. P2) = F12 then

if remaining tasks exist in ts then
T; = next task in ts

,_,
o= o

13. declare SUCCESS 80 o line 5.

M. else Dlh::['tl]r]l assigned_tasks

15. declare FAILURE end if —

16. end else

17. end if remaining processors exist in ps then

p = next processor in ps

18. if (F11 = F1) A (F22 # F'2) then

19, F21 = FE\FEQ 2 IED to line 6.
o NN
21. Let us execute this line.




Applying FF-3C on an example

={ 7y, T, T3y T4} P={P,}, PZZ{PZ’PS}-

5 U/=0.90
5, U,1=0.90
5 Usl=0.40
T U,t=0.40

t'={r;, 74} H1={13,7,} F1={}
v={r, 55} H2={7y,7,} F2={}

U,2=0.40
U,2=0.40
U,2=0.80
U,2=0.80

0.80

O @

0.80
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FF-3C

Form sets H1, H2, F'1, F2

vp: Ulpl =0

Yo Tlpl =0

if first-fitt H1, P') # H1 then declare FAILURE
if first-fit( H2, P?) # H2 then declare FAILURE
F11 := first-fitt F'1. P
F22 := first-fit( F2, P?)
if (F11=F1)A(F22=

F12:=F1\ F11

if first-fit( F'12, P2) = F'12 then
declare SUCCESS

else
declare FAILURE

end

. end
Jif (F11 = F1) A (F22 # F2) then

F21:=F2\ F22

then declare SUCCESS
if (F'11 # F1) A (F22 # F2) theg declare FAILURE
Cif (F11 # F1) A (F22 = F2) then

1. function first-fit( ts : set of tasks; ps : set of processors)
return set of tasks

2. assigned_tasks := 0

3. If ps consists of type-1 (type-2) processors, then order
ts by decreasing U2 /Ul (resp., incr. U} /U2),
Use any order for processors ps, but maintain it
during the execution of the function first-fit.

4. T; = first task in ts

5. p := first processor in ps

6. Let k denote the type of processor p (either 1 or 2)

7. if Ulpl+UfF <1 then

8. Ulp] := Ulp]+-UF

9. 7lpl = Tlpl U {7} _

10. assigned_tasks := assigned_tasks U {7; }

11. if remaining tasks exist in ts then

12. T; = next task in ts
go to line 5.

else

return assigned_tasks

18 rocessors exist in ps then
19 $SOT 1N Ps

AN
Since F1=¢ and F2= &, nothing happens when these lines
are executed.
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FF-3C

1. function first-fit( ts : set of tasks; ps : set of processors)
. return set of tasks
1. Form sets H1, H2, F'1, F2 2. assigned_tasks = ()
2 '*;r‘p; U[]J] =) 3. If pb‘s cdﬂnsistslnf tg%ef; gt}rpg_’?} Procegi:?ét;;an order
3. '?‘p: T[P] = (0 ts by decreasing U= /U (resp., incr. U /UZ).
y . : 1 ) : Use any order for processors ps, but maintain it
:l' !f first-fit( H 1, PQ’} 7 H1 then declare FﬂILL,RE during the execution of the function first-fit.
5. if first-fitt H2, P<) # H2 then declare FAILURE n T; = first task in ts
6. F11 := firstfitt F'1, P1) 5. p := first processor in ps
T. F22 .= firstfiti F'2, p'-?} 6. Let k denote the type of processor p (either 1 or 2)
8. |if (F11 = F1) A (F22 = F'2) then declare SUCCESS| 7= if U[Plﬂ’i“ < 1 then
0. if (F11 # F1) A (F22 # F2) then declare FAILURE > E[[E]] = f[gﬂ]]ﬁ;r_}
10, if (F11 # Flj A Z[FQQ = ["2) then assigned_tasks = assigned_tasks U {7;}
1. Fl12:=F1 \ F1 l_ 113 if remaining tasks exist in ts then
12, if first-fitl F'12, P2) = F12 then 12. Ti = next task in ts
13. declare SUCCESS 13. go to line 5.
14.  else 14. else
15, declare EAILURE ig \ :i:-:;lu'n assigned_tasks
16.  end 17.  else
17. end 18. if remaining processors exist in ps then
18. if (F11 = F1) A (F22 # F2) then 10.  p :=Next processor in ps

19. F21:=F2\ F22 20. go to INe 6.




Theorem 1: The speed competitive
ratio of FF-3C Is at most two.

A task set 1 is feasible on a computing platform 1T =>»
FF-3C schedules 1 on the computing platform 2* 1

44



Algorithm FF-4C and FF-4C-NTC
and FF-4C-COMB:
like FF-3C but with improved
average-case performance
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Related Work

« Formulate the problem as Integer Linear Program
— Minimize U subject to:

1. ijlm Xi; =1, (i=1,2,..,n)
2. Y (X;*uy) <=U, (G=1,2,..,m)
3. x;=0o0rx;=1 i=1,2,.,n);(=12,..m)
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Related Work

« Formulate the problem as Integer Linear Program
— Minimize U subject to:

1. ijlm Xi; =1, (i=1,2,..,n)
2. Y (X;*uy) <=U, (G=1,2,..,m)
3. x;=0o0rx;=1 i=1,2,.,n);(=12,..m)

— NP-complete: cannot be solved in polynomial time
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Related Work

« Formulate the problem as Integer Linear Program
— Minimize U subject to:

1. ZFJ”szlq (i=1,2,..,n)
2. Y (X;*uy) <=U, (G=1,2,..,m)
3. x;=0o0rx;=1 i=1,2,.,n);(=12,..m)

— NP-complete: cannot be solved in polynomial time
 Relax it to Linear Programming
3. 0<=x;<=1 i=1,2,.,n);(=12,..,m)
— Solvable in polynomial time
— At most ‘m’ fractional tasks
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Related Work

« Formulate the problem as Integer Linear Program
— Minimize U subject to:

1. ZFJ”szlq (i=1,2,..,n)
2. Y (X;*uy) <=U, (G=1,2,..,m)
3. x;=0o0rx;=1 i=1,2,.,n);(=12,..m)

— NP-complete: cannot be solved in polynomial time
 Relax it to Linear Programming
3. 0<=x;<=1 i=1,2,.,n);(=12,..,m)
— Solvable in polynomial time
— At most ‘m’ fractional tasks

* Assign the fractional tasks integrally

— Exhaustive enumeration (RTAS04)
— Bi-partite matching (ICPP04)
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Average-case performance

evaluation

Comparison of three algorithms (Y-Axis: log,, scale)

FF-3C
W 5KB-ICPP-IMP

W FF-4C-COMB

100000

10 1
1

g g =
g B

(°T30]) s12s yse] jJo saquunpg
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Average-case performance

evaluation

New Algorithms

Old Algorithms

Measured avg exec time

Measured svg exec time incl CPLEX overhead

Measured avg

exec time inel CPLEX overhead — avg CPLEX overhead

Multiplication FF-3C FF4C FF-4C FF-4C ShB-RTAS SKB-RTAS SKE-ICPP SKB-1CPP SKE-RTAS SKkB-RTAS SKB-ICPP SKB-ICPP
factor NTC -COME -IMP -IMP -IMF -IMP

1.00 0.B5 0D.76 0.93 1.08 ] .61 32545.39 3 BO 369120.15 14324.45 1438B.23 164603.39 161727.00
1.25 0.52 D.52 0.51 0.53 31 .49 31572.03 65 ! 13500.33 13414.87 163646, 24 5
1.50 0.49 D.49 0. 45 0.48 31 . 65 31729.69 399.86 13572.52 161185.38

1.75 0.47 D.46 0.42 0.48 31 .69 31582.66 98 13425.49 15104923

2.00 0. 48 0.48 0. 40 0.48 31 .95 3176B.30 o3 13611.13 137972.10

Table 1. Comparison of average execution time of algorithms (in microseconds)
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Conclusions

+ Bin-packing Is possible, with good performance,
on heterogeneous multiprocessors with two types of
Processors.

+ Such bin-packing performs well.
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Conclusions

+ Bin-packing Is possible, with good performance,
on heterogeneous multiprocessors with two types of
Processors.
+ Such bin-packing performs well:
* FF-3C has speed competitive ratio at most two;
* FF-4C-COMB has speed competitive ratio at most two;
* FF-4C-COMB requires on average processors
of lower speed than the previously best algorithm;
* FF-4C-COMB runs more than 10000 times faster
than previously best known algorithm.
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Recent extensions to the work

 Theorem 2: The speed competitive ratio
of FF-3C Is at most 1/(1-a)

—‘a’ is the maximum utilization of a task

* FF-4C and FF-4C-NTC and FF-4C-COMB

— like FF-3C but with improved average-case
performance
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Thank You!



