v
DF00100 Advanced Compiler Construction
TDDC86 Compiler Optimizations and Code Generation

Integrated Code Generation

0 Phase ordering problems

0 Clustered VLIW Processors:
More phase ordering problems

0 Integrated Code Generation

Christoph Kessler, IDA,
Linkdping University



v
Phase ordering problems

gcc,
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Instruction
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Phase ordering problems (1)

Instruction scheduling vs. register allocation

(a) Scheduling first: (b) Register allocation first:
determines Live-Ranges Reuse of same register by different
- Register need, values introduces "artificial”
possibly spill-code to be data dependences
inserted afterwards —> constrains scheduler
a = ... a
b= ...
= ..b..
t1
a = ... *a @
- T S alb d
LRI ®@ ® %l
= ..b.. S, lalcBld]
£ 23 4
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Phase ordering problems (2)

Conflicts Instruction selection €-> Scheduling / Req. alloc.

0 Selection first: Cost attribute of a pattern covering rule
IS only a coarse estimate of the real cost
(effect on e.g. overall time)

Real cost based on
0 currently free functional units
0 other instructions ready to execute simultaneously

0 pending latencies of already issued but unfinished
Instructions

- Integration with instruction scheduling desirable
0 Mutations with different resource requirements
Da=2*b oder a=b<<1l oder a=b+b ?

0 Different instructions with dlfferent register need

C. Kessler, IDA, Linkdping University



Clustered VLIW Processor

0 E.g., TIC62%, Co64x DSP processors

0 Register classes

0 Parallel execution constrained by operand residence

‘ Data bus ‘
Reqister File A Regqister File B
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More phase ordering problems

Program cache/Program memory

¥

Register file A (AO—-A13) - Register file B (BO-B15)

1X

! [ [ T4 [ ]
] "R [ ] —T ¥ L 1 ¥
ST A A A

Data cache/Data memory

0 In parallel e.g.: load on A || load on B || move A->B
0 Mapping instructions - cluster

0 should preferably know already beforehand about free
move-slots in schedule...

0 Instruction scheduling
0 must know mapping to generate moves where needed

0 Heuristic [Leupers’00]
0 iterative optimization by simulated annealing

C. Kessler, IDA, Linkdping University 6
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Integrated Code Generation
for non-clustered architectures

>
Combingtion of severa ele optimization prphlems!
Instruction
selection

Register
allocation

Instruction scheduling
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Integrated Code Generation
for Clustered VLIW Architectures

IR-level
jon scheduling

IR-level .
uster assignment

IR-leve

IR “O"instruction scheduling l
ol3 '5(\0 3
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target-level ' target-level

insfruction scheduling

target-leve

cluster assignment
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Integrated Code Generation vz
Some Approaches

0 Weak integration / Phase coupling

0 E.g., register pressure aware scheduler [Goodman/Hsu '88], HRMS...
0 Heuristic Phase Interleaving

0 E.g., alternating partitioning / scheduling for clust. VLIW [Leupers’00]
O Integration of 2 phases
0 Instruction selection and register allocation
» DP (Dynamic pr.) for space optimization, e.g. [Aho/Johnsson "77]
» DP for space- or time optimization, e.g. [Fraser et al.’92]
0 Instruction scheduling and register allocation
» ILP (Integer Linear Progr.) e.g. [Kastner'00]
0 Integration of 3 and more phases
0 ILP for simple, non-pipelined RISC processor [Wilson et al.’94]
0 DP, for clustered VLIW: OPTIMIST [K., Bednarski’'06]
0 ILP, for clustered VLIW: Integrated software pipelining [Eriksson, K."09]
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Example

0 Clustered 8-issue VLIW processor TI C6201

0 Leupers’ P »
example g T

Register fil= A (AQ-AL1D) Begister file B (BO-B13)

Wiy [

Data cacha/Data memory

TI-C comp. Schedule by Leupers’ heuristic Optimal schedule by OPTIMIST

[D*A4B4 LD *A0,A8| MV AT B8 LD *A0,A8 || MV AT,B8
LD *A1,A8 LD *B8,B1|| LD *A2,A9 || MV A3B10 LD *B8,B1 || LD *A2,AQ || MV A3B10

LD *A3,A9 LD *B10,B3||LD *A4,A10 || MV A5B12 LD *B10,B3 || LD *A4,A10 || MV A5,B12
LD *A0,BO LD *Bi2,B5||LD *A6,A11 || MV A7B14 LD *B12,B5 | LD *A6,A11 || MV A7 B14

LD *A2,B2 LD *B14,B7 LD *B14,B7 || MV A8,B0
LD *A5,B5 MV A8,BO MV A9 B2
LD *A7,A4 MV A9,B2 MV A10,B4
LD *A6,B6 MV A10,B4 MV A11,B6
NOP MV A11,B6 NOP
MV A8,B1
MV A9,B3
MV A4,B7
C.Kessler, DA 12 cycles 9 cycles 9 cycles (15min)
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OPTIMIST (2001-2011)

Retargetable integrated code source program
generator (C, C++, Fortran)

C front end
IR generator

LCC-IR

OPTIMIST
retargetable Integrated code generation

[T (T
NFANTANGANGS ADML optimlzation englnes: DP, ILP ({CPLEX)
narser

Open Source

www.ida.liu.se/~chrke/optimist LCC, ORC

ORC HL opt.

archltecture description

functlonal units
reglster sets parametr,
memory modules
Instructlon set

InA&DML

asm code
emitter

Avallable speclfications:

- TI C6201
- ARM SE assembler
- Motorola MC56K lInker

axecutlon/simulation

C. Kessler, IDA, Linkdping University 11



LINKOPING

Processor specification language xADML™***

[A. Bednarski, PhD thesis, Link6ping Univ., 2006]

<architecture omega="8">
<registers> ... </registers> Specify reservation[ oo, i1 [ L2 | x2
<residenceclasses> ... </residenceclasse tables by — Ix
<funits> ... </funits> <cycle matrix>
<patterns> ... </patterns> +l | X X
<|r!struct|qn_sgt>ll " " " </cycle_matrix> t X X
<instruction id="ADDP4" op="4407">
<target id="ADD .L1" opO="A" op1="A" op2="A" use_fu="L1"/>
<target id="ADD .L2" op0="B" op1="B" op2="B" use_fu="L2"/>

</instruction> \
<transfer>
<target id="MOVE" opO="A" op1="B">
<u Se_fu ="X?2 "/ > Program cache/Program memory
<use_fu="L1"/>
</target> Register file A (AO-A15) i Register file B (B0-B15)
[ ]
! L], 1 ]
< /transfer> {}T \_s”ll/ \?11’1_ \ﬁ_iﬁf w2/ | /| g2/ | 2

</instruction_set>
. </architecture>

Data cache/Data memory
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Optimal Integrated Code Generation ...

0 Why "Optimal” ?
0 Quantitative assessment of heuristics
» absolute instead of relative comparison

0 Feedback to architecture design
of an application specific processor

0 Often feasible for small, sometimes not so small instances

» thanks to modern solver technology and problem
transformations

0 Scientific challenge

C. Kessler, IDA, Linkdping University 14



Optimal Method O: iz
Exhaustive Enumeration

Any ordering of these
For all possible instruction selections BEps B possillE..

For all possible schedules with each selection

For all possible moves of live values ...
Evaluate resulting code, keep optimum

0 Variant: Interleaved exhaustive enumeration

IR DAG t t—level DAG
. ..—"’:’-'F v arge Eé.re
--_i?t instruction selection
/l \ o interleaved / L\
IR—-level ’j}enumer ation target—level
scheduling " scheduling
Y o h 4
IR schedule | _ : target schedule
< ; T k- p linzarization - E
"~ . (Y) | *Ln—nrd-.:r compaction |

l&m tter l&m tter

C. Kessler, IDA, Linkdping University VLIW code supersca.lar code
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Interleaved Exhaustive Enumeration

0 Explores a decision tree (enumeration tree, backtracking tree)
with partial solutions (= code for sub-DAGS)

0 Example: (only) instruction scheduling = topological sorting

()Z,mset of all leaves of G

ey

C. Kessler, IDA, Linkdping University 16
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Recall: List Scheduling = Local Scheduling by Topological Sorting

DAG G top_sort( Set z, int|] INDEG, int ¢ )

ifz#£0 [/l (t<n)
//.\* < select arbitrary node ve z;

/I implicitly remove all edges (v,u) Yu:

g, ot~ { ARG e
/I update zero-indegree set:
SeleCt v 74— z—{v}U{new leaves}
DAG G = {u . ]NDEG(M) = 0}

Slt] < v;
top_sort( Z', INDEG’, t + 1 );
.\ else output S[1 : n| fi

scheduled(z) Call topjort( zo, INDEG,, 1 )
produces a schedule in S[1 : n]

C. Kessler, IDA, Linkdping University 17
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Graph-based method: Naive Enumeration, Selection Tree (1)

all top_sort( Set z, int[] INDEG, int ¢ )
ifz£0 /I (t<n)
for all ve z do
(Z/, INDEG’) < selection(v,z, INDEG );
Slt] < v;
all top_sort( z', INDEG’, t + 1 );
od
else output S|1 : n|; @

z,=set of all leaves of G

selection tree T
Call all_top_sort( zo, INDEGy, 1) nodes = inst. of zero-indeg sets
enumerates all topological edge (z,7), labeled by v
sortings of DAG G iff (Z/,...) <selection(v,z,...)

Time: O(n- # enumerated schedules) = O(n-n!)

C. Kessler, IDA, Linkdping University 18
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Naive Enumeration, Selection Tree (2)

/a,b C}\‘ level ()
{b,c} { a, C} {a,b} level 1
) C

a /X
’%{ C,d\}'d b {C,d} /, {b {a,<i level 2

Observations:

e in general: multiple instances of same zero-indeg set =z

e all paths to instances of the same zero-indeg set have equal length,
as the same set scheduled(z) of DAG nodes has been scheduled

e |abels on a path &t from z, to node =
correspond to a schedule S of scheduled(z) and vice versa

C. Kessler, IDA, Linkdping University 19



Optimal Method I:
Dynamic Programming

0 Compression of the solution space (tree)
0 Example: (only) instruction scheduling

., {ﬂrﬁ-f} . level 0 3 {‘*l%‘:} level O
‘yﬂ’,% {a c} b level 1 &Wﬁé level 1
{c d} {c d} / ! i‘ ;f;} . {c, dd} ) {a:} level 2
| l / , {:Waﬁ
d
>< /
N A A
.8} {d}
fl\f
g} i}
{h}

4
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From Selection Tree to Selection DAG (2)

ldea: Summarize different instances of same zero-indeg set =z
INn one selection node

— selection tree 7" becomes selection DAG D

For all schedules S for the same zero-indeg set =
the corresponding paths ntg in D end up in the same node.

fa.b.c} feveal
a b c
Equal path lengths {bc}‘/{ i}\a —
| | b wel )
— selection DAG D is leveled il p ;
b} fe,d} fa,el  level

inn+1levels Ly, Ly, ..., L, bWi

. o . {d.e} {c} fa.g}
with Ly = {Z()} and L, = {@} %Kﬂ/{ﬁg
+ search in only one level for existence of =/ \ ﬁ }\ /

i,
C. Kessler, IDA, Linkdping University 21 f'l R |.d'
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From Selection Tree to Selection DAG (3)

Lemma: It is sufficient to store for each selection node z
one schedule §. that is optimal for z.

Proof (idea): For each selection DAG path © ending in the same zero-indeg
set z holds after execution of the (prefix) schedule S; corresponding to n:

The same values reside in registers, namely
alive(z) = {u € scheduled(z): (u,v) € E, v & scheduled(z) }

Hence we may choose any path nty
to z that minimizes
the register need m(S').

By induction follows:

The schedule S, stored in
selection node 0 is optimal for G.

C. Kessler, IDA, Linkdping University 22
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Level-wise construction of the selection DAG

L; < empty List Vi > 0
Ly < new List(z)
for L, from Ly to L,_; do
forallzc L; do
for all ve z do
(Z,...) < selection (v,z,...); S+ S.<x{v};
7"« Li.lookup(Z);
if (12) L .insert(Z'); S. <+ §;
else if m(S) <m(S.r) S« S fifi
od od od
Output: Sy in L,,.first(),

Time: with linear search O(n-2%"), with search tree (lex. order) O(n - 2")
e Selection DAG has < 2" selection nodes

e Comparison z; <, z> costs O(n)

C. Kessler, IDA, Linkdping University 23



Bo_wmiyone,
Improvement

Partition the L; into sublists LY, L], ..., LMAXREC
with L* = {z€ L;: S. needs k registers }

Lemma: The predecessors = of a selection node =’ € L¥ | are located
either in Lf_l orin Lf register negd

— partial order among the L}
Lij Ly Ly

level-wise — columnwise

+ need not search entire L, |
+ stop construction as soon as

L
first nonempty L has been reached ¢ \podute \L \ ¢ \ L \
length

C. Kessler, IDA, Linkdping University 24
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Bu_mmuvoens,

Modified algorithm

L¥ « empty list Vi Wk, L3« new List(z,); * StOP as early as possible
+ experimental results:

for k = 1/{7 lﬁMAXRfo do . practical up to 40...50 nodes
for L; from L, to L, | do + parallelizable:

for all z Lf.‘_l do (a) diagonalisation across L*

b) parallel lists L*
for all ve z do ®)p '

(Z,...) < selection (v,z,...); m < reg.need of S=S.x{v};
if (ILY ! lookup(z'))

i+1
ifm=k—1 k-1 k
LY, .remove('); [ (ifany) 09
Lk~ Vinsert(Z); S. < S;
.l 0¥ o
else if (! LY, | .lookup(Z')) <
LY, | .insert(Z'); S. + S; fifi
od od od 2’0

if L*~! notempty() output schedule Sy in L~ first();

0
C. Kessler, IDA, Linkdping University 25
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Dynamic Programming, husiss
Regular VLIW / Superscalar Processor

0 Compression Theorem I:
Two partial solutions (codes) are equivalent, if they
(a) compute the same subDAG, and
(b) end up in the same pipeline state

0 "time profiles”
K., Bednarski LCTES 2001]

| (e O (g ® 1

2ee

tlmeT B A profile g -

S ;r‘—\ fillable delay slot f

‘-——‘ ron—fillable delay siot

) (@02 (88, 2 .0 2)

Jfunctional units

delay slots time proﬁle (t,P) time profile (f P)

C. Kessler, IDA, Linkdping University 206
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Time profiles

fillable delay slot

non-fillable delay slot

U, U, Us  functional units

0 2 1 delay slots

time profile (t,P) time profile (t’,P)

Profile P: window of the instructions scheduled last for each unit
that may still influence future scheduling decisions.

Extended selection node (z,7, P)
summarizes all schedules of scheduled(z) that end with time profile (¢, P).

Time-inferior extended selection nodes can be pruned.

C. Kessler, IDA, Linkdping University 27
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Simultaneous space and time optimization with time profiles
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We observe: By appending a DAG node v to a schedule S we have
time(S) < time(S > {v}) < time(S) + 1+ MAX_DELAY

— partition lists ¥ in sublists L

Order of construction of the Lf."‘” according to desired optimization goal

C. Kessler, IDA, Linkdping University 28



Results (1) — DP

0 Regular 3-issue VLIW Processor (no MOVES)

LINKOPING
II.“ UNIVERSITY

Fandom DAGs. Architecture with three functional units with latencies 1, 2, and 3.
0 Random o000 . . . l . . . l .
measured data ¢
DAGS Ve
& [
L@
1000 - @ & @7 o _
I & @
&
Lo @ & L
& @ & ¢
&
10@ 5 @ & @ _
REGISTER FILE o g o
<:>
L o o |
L [ o]
& &
addl NP load NP &
oo i o
& ¢ @ @ &
g 8 g o o
& & ® & 43 i
1 [~ & (0] @ & ¥ B M i 8 i 8 e a
- & 2
PP L PAR PELE s %o o
01 | | | | | | | | | |
5 10 15 20 25 30 35 40 45 a0
CAG size
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Dynamic Programming, housics
Clustered VLIW Processor (1)

0 Register classes / Residence classes
0 Instruction selection constrained by operand residence
0 Add Move-instructions speculatively - more solutions...

‘ Data bus ‘
Reqister File A Regqister File B

u \Y; u
SN ] L[]
\ Unit A, / \ Unit B, /
M M

C. Kessler, IDA, Linkdping University 30




Dynamic Programming, hvsis
Clustered VLIW Processor (2)

0 Compression Theorem lIlI:
Two partial solutions (codes) are equivalent, if they
(a) compute the same subDAG and
(b) end up in the same pipeline-state and
(c) hold the live values at the end in the same residence
classes

zeroindegree s
time profile
space profile

[ U

C. Kessler, IDA, Linkdping University 31



Dynamic Programming, hvsis
Clustered VLIW Processor (3)

0 Partial solutions for (subDAG, pipeState, LiveV-Residences)

zeroindegree set oyoontion time of associated schedule

time profile reference time
space profile

residence potential
. mva o mvbh
\\ r ) b @ \‘ ’
{c}, Hdec {c} 3(:(: {c} 3ce fe}  2cc {c} e 2cc fe}  3ce {c} dcc fc} .. dcc fe}>, ,oce
’f"f%manb,—uj L’mvmr—,—uk’i’f{’ 2re ey o TR ’f“—"—” t’mvaJt’—,—BJ (a)(-,) 3}‘—'”—"—“ (mv -~}
fa.bf faybiaz faf st.fgl,b} %) l {u.b} {a,b)32 fa} {a.b} 23 fa} {b) 20 fab} b} 21 fo, b} {a,b) fo.b} (b} 2 {057 {mb )23
’ s not selectable

. . not selectable not selectable
. prune

+

L]
;. prune*,

C

W) Sce 0 dec
t’mcht’—,—J}*g@ =) 3
.5} (b3 :

d d

& 6ce i Sce| g, b; nopymv brer d
(di(-.-) 5 (d)(—-)
&8 3 {1 { 3

RClass 1 [«— — 3RClass 2/ M
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Results (2) — DP

0 Clustered 8-issue VLIW Processor Tl C6201
0 Leupers’

Programn cache/Program memo
Connector (B} s _1_gi_ B

Register file A (A0-A1S)

Begister file B (BO-B13)
| [¥] 4] |

N0\l ol e A

Data cacha/Data memory

TI-C comp. Schedule by Leupers’ heuristic Optimal schedule by OPTIMIST

[D*A4B4 LD *A0,A8| MV AT B8 LD *A0,A8 || MV AT,B8
LD *A1,A8 LD *B8,B1|| LD *A2,A9 || MV A3B10 LD *B8,B1 || LD *A2,AQ || MV A3B10

LD *A3,A9 LD *B10,B3||LD *A4,A10 || MV A5B12 LD *B10,B3 || LD *A4,A10 || MV A5,B12
LD *A0,BO LD *Bi2,B5||LD *A6,A11 || MV A7B14 LD *B12,B5 | LD *A6,A11 || MV A7 B14

LD *A2,B2 LD *B14,B7 LD *B14,B7 || MV A8,B0
LD *A5,B5 MV A8,BO MV A9 B2
LD *A7,A4 MV A9,B2 MV A10,B4
LD *A6,B6 MV A10,B4 MV A11,B6
NOP MV A11,B6 NOP
MV A8,B1
MV A9,B3
MV A4,B7
C.Kessler, DA 12 cycles 9 cycles 9 cycles (15min)



Results (3) — DP

0 Clustered VLIW Processor Tl C62x

Program cachesProgram memory

i

Register file A {AO-AlS)

Register file B (BO-B13)

g IX
[A] ]

| |

] [ 4]

e

2

;,SZj 12

Data cache/Data memory

0 Tl C64x DSP Benchmarks and FreeBench | Measure for degree
of compression

|

Basic block V| time[s] space[MB] #lmpr. #merged #ESNodes
cplxinit 14 201 38 0 140183 44412
vectcopy init 12 16 11 26 61552 12286
vectcopy loop 14 47 15 58 149899 29035
matrixcopy loop 18 18372 194 1782 5172442 722012
vectsum loop 12 11 10 9 36715 8896
vectsumunrolled 17 1537 58 3143 1316684 198571
matrixsum loop 17 10527 154 2898 3502106 564058
dotproduct loop 17 3495 77 4360 2382094 345256
codebk_srch bb33 17 431 41 306 319648 64948
codebk_srch bb29 13 7 12 0 17221 6433
codebk_srch bb26 11 11 13 144 73761 19275
vecsum_c bbb 20 9749 154 5920 3744583 499740
vec_max bb8 13 79 35 0 99504 37254



Results (4) — DP

LINKOPING
II.“ UNIVERSITY

0 Single-issue vs. Single-cluster vs. Double-cluster architecture

=

Program cache/P;

‘ Register file A (AO-A15)
[ JEN [T I

Program cache/Program memory

Register file B (BO-BI15)

\

Register file A (AO-A15) 4 LX
I

Tir T#T  THT T T T¥[  THF[  TIT

il I i

ARMO9E-ARM mode T1-C62x single-cluster TI-C62x
benchmark BB |size t[s] #merged #ESnode t[s] #merged #ESnode t[s] #merged #ESnode
analyzer 511 34 98.9 546250 62965 |12623.2 2547538 630132 — — —
analyzer 2031 31 56.5 309673 49833 14.1 34559 29780 — — —
bmmse 41 14 0.1 489 165 0.1 523 375 10.9 15215 704
bmmse 100 17 0.3 2558 582 0.8 5349 2413 6404.2 860455  20405(
bmmse 11§ 14 0.1 768 234 0.2 825 562 56.8 38938 1555
codebk_srch 12 15 0.1 595 236 0.2 658 678 163.4 83220 3366]
codebk_srch 16| 21 0.7 6880 1512 8.3 47665 19613 — — —
codebk_srch 20| 23 2.2 20380 3723 45.0 240079 76005 — — —
codebk_srch 24| 42 178.5 /783854 98580 — — — — — —
fir_vselp 61 23 0.5 4479 1215 4.4 20483 10331 — — —
fourinarow 61 29 0.2 862 561 1.2 4976 2214 10.0 23599 920
rr 41 21 0.4 4526 1016 5.8 40477 12036 — — —
irr 71 38 2.1 8753 3259 38.0 87666 47233 — — —

C. Kessler, IDA, Linkdping University
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Heuristic Methods

0 Heuristic Pruning
0 Limit number of considered schedules, moves

( )Z,=set of all leaves of G

0 Genetic Programming

C. Kessler, IDA, Linkdping University 36
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Results (5) — Heuristic Pruning

0 Regular VLIW processor

OPT H1 H2 H3
orogram BB size time qual. | time qual. | time qual. time qual.

[s] lec]) [s] [ec] | [s]  [ec] [s] [cc]
fir vselp.c 6 23 | 1854 (23)) 14 (28)| 7.2 (24) 31.3  (23)
scalarprod_uni.c 2 25 100 ((27)) 05 (32)]| 22 (27) 6.6 (27)
cplx.c 3 25 29 (29) ] «0.1 <0.1 <0.1
dot.c 3 17 19 (18) ) <0.1 <0.1 <0.1
dot.uni.c 3 25 102 (27)) 05 (32)) 24 (27) 6.9 (27)
dot un2.c 3 33 |14341 (36)) 1.7 (42)| 106 (36) 772 (36)
dot un3.c 3 41 8.1 (52) | 434 (45) |10683.7 (45)
summatrix.c 4 17 80 (17)}) <0.1 <0.1 <0.1
summatrix uni.c 4 20 519 (BN 15 (37)] 80 (51) 30.0 (31)
summatrix_un2.c 4 27 | 1318 (26)) 46 (31)]| 192 (26) 69.6 (26)
summatrix_ un3.c 4 32 | 7800 (31)f] 214 (37)| 832 (31) | 3084 (31)

Hx = OPTIMIST with heur. limitation to x alternatives; qual. = schedule quality (time)
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Results (6) — Heuristic Pruning

Program cache/Program memory

0 Tl C62x Clustered VLIW DSP R B s s Lo 8

L1 t,gim; DI 2 Eﬂj g‘szi 12

Data cache/Data memory

HM HYZS HYZ HAUZ HNS OPT
benchmark BB size | t[s] =fcc] | t[s] Tlcc] | t[s] 7[cc] t[s] tlcc]| t[s] Tlec] | t[ec]
bmmse 4 14 | 0.1 18 | Q.1 18 | 0.5 9 1.2 91 1.0 9 9
bmmse 10 17 | 0.4 23| 0.5 23 | 4.2 14 5.2 91 4.5 14 9
bmmse 11 14 | 0.3 18 | 0.4 18 | 1.3 10 4.8 91 1.5 10 9
codebk_srch 12 15| 0.1 27 | Q.1 27 | 1.3 19 4.6 15| 1.9 19 15

codebk_srch 20 23| 0.2 34| 0.2 34 1169 21 | 5816.2 19 24.0 21 —
codebk_srch 25 11 | 0.1 16 | C.1 16 | O.1 11 0.2 /7| 0.2 11 /
codebk_srch 29 10 | 0.1 13| Q.1 13 | 0.1 / 0.1 /| 0.2 / /
codebk_srch 31 15| 0.1 15| Q.1 15| 0.1 14 0.2 14| 0.1 14 14
codebk_srch 34 19 | 0.2 31| 0.2 31 (124 17 21.7 16| 21.1 17 —
codebk_srch 42 14 | 0.1 19 | 0.1 19 | 0.9 14 2.1 14 1.6 14 14

fir_vselp 1o 1702 241 0.5 24 | 2.2 15 6.8 15| 11.0 15 —
irr 4 21| 0.1 27 | Q.1 27 | 1.2 13 19.8 13| 1.5 13 —
mac_vselp 3 23|04 35109 35 |20.3 26 | 155.9 26| 56.9 26 —
vec_sum 3 17102 29 | 0.6 29 | 5.1 15 35.2 15| 30.1 15 15
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hwiene,
Extensions (2) See M. Eriksson, PhD thesis, Link6ping U., 2011

Optimal scheduling of spill code [K.00]
_tv) t(u,) t(u,)

N N Z) \u, 0
y Load( Load(v)
( }@wnmg

.y oy .y oy

No spiIIing Total spilling Partial spilling

(Limited) admission of recomputations (Rematerialization)

[Paul, Tarjan '78]: ex. class of DAGs: linear decrease of m — expon. time(S)
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Optimal Method II: s
Integer Linear Programming

0 Model by 0/1-variables e.g. ¢,
und linearen Constraints

0 Example:
covering constraint for instruction selection

Sub-DAG Supply of pattern instances

for all 1'in VG1 2:Musterinstanzen P 2:k inp thl...Tmax Ci,p,k,t =1 (1)

C. Kessler, IDA, Linkdping University 40



ILP-Model (1)
VieG, ) Y cipp=1

PEBkEp

Vp & B’,Vf & 0--Tmaxa Z Z Ci,p,k,f — |p|SPJ

IEGLKED

Vp < BI&Vk < pﬁzci,p,k = Sp

ieG
VpE B, Z Z Wi jpdod = |Ep|sp
(ii.f-) EEG (k'rf] EEP
V(Ih}) e EG?VP e B!,V(k, IE) e EP‘T’ Zwiijipikif i: C.i,p,k —I_ ijpff
VpERB,s, <1
Vie G,Vp € B,Vk € p,Vt € 0..T 1, Cipp f (OF, — OP, 1) = 0

Vp € B ,Y(i,}) € Eg,Y(k,1) € p,w; ; pis(OUT,— OUT, ;) = 0

f
vVt € 0.0, Vi € G, Z Z Z (Z Ci,pjet, — ch,p,f,f;) < Nri;

LINKOPING
UNIVERSITY

(D
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(9)
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ILP-Model (2)

Yt € 0..7,,..., Vi € G, Z Z Z (Z Cipiets — ch,p,;,ﬁ) > 1y (10)

;—D( 1J EEGPEB kEp Iep
Vi € 0. Tpans 3 Fig <R (11)
icG
t+Lp—1
VpeB' \V(i,]) €Eq,Vt € 0. T —Ly+1,Y Cipret Y Y Y Cgpn <1 (12)
kEp gFpr =0 k&q
t+Lp—1
Vp < Bﬂav(i& J) < EG')VI € 0.7, _Lp + 11 Zci,p,fc,t T Z Z ch,q,k,ﬁf < 1 (13)
kEp qCb =0 kecg
Vi €0. Twn, VY EF, Y spet+ Y Y)Y cipie <My (14
pER!, Up,le peB, Up?le IEGKEp
Vi € 0. Tuaxs Y Spet 3 YY) Cipjes <W (15)
peB! peBicGkeEp
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ILP-Model (3)

0 Calculate makespan from the variables c; ,  ,

Vie G,Vp e PYke p,Vt € 0. Ty Cipps ¥ (t+L,) < T

0 Minimize makespan .
min t

0 Problem specified in AMPL www.ampl.com
0 ILP Solver (CPLEX, Gurobi, Ip_solve, ...)

C. Kessler, IDA, Linkdping University 43



LINKOPING
II.“ UNIVERSITY

Results (7) = DP vs. ILP (AMPL+CPLEX)

O Tl C64x DSP Benchmarks and FreeBench

DP [LP

Basic block |G| Height [Eg| | t(cc) t(sec) | T(cc) t(sec)
1) ur filter bb9 10 4 10 10 0.3 10 0.9
2) vec_max bb8 12 4 12 11 0.6 11 1.3
3) diykstra bb19 16 / 15 14 6.6 14 5.6
4) fir filter bb9 16 3 14 15 61.3 15 /.8
5) cubic bb16 17 6 16 14 15.0 14 5.7
] 9 17 16 3.4 16 8.2
Observations: 8 17 | 16 10| 16 8.8
On the average. s 18| 16 14| 16 118
DP can solve larger problem instances - 19 | 16 431 16 125
but ILP is often faster (where it terminates). | 8 23 | 17 69.8 | 17  277.7
: 6 17 20 3696.4 20 46.5

DP works better for deep dependence chains. 6 27 19 29 7 CPLEX
14) codebk_srch bb20 23 / 22 17 548.8 17 63.1

15) fir_vselp bb6 23 9 25 19 40.6 CPLEX

16) summatrix_unl bb4 24 10 28 20 254 CPLEX

17) scalarprod_unl bb2 25 10 30 19 14.9 CPLEX

18) matrixmult bb6 30 9 35 23 2037.7 AMPL

19) vec_sum unrolled bb2 32 10 40 24 810.9 AMPL

C. Kessler, IDA, Linképing 20)  scalarprod_un2 bb2 33 12 42 23 703.1 AMPL
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