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Generic Integer Linear Programming Formulation for 3D

IC Partitioning

Student: Tsung-Wan Mei Advisor: Dr. Iris Hui-Ru Jiang

Department of Electronics Engineering
Institute of Electronics
National Chiao Tung University

Abstract

As technology advances, 3D IC has gradually become a trend, because it is a
novel technology, it requires new EDA technology, and partitioning is one of
important items. This paper targets on partitioning from the architectural level, in
order to maximize its benefit. First, we use the logical operators to solve the problem
of 3D IC partitioning, and converted into integer linear programs (ILPs). Our ILP
formulation can reduce the number of TSV and power, and because of its flexibility, it
can be expanded to support multiple supply voltage designs. We propose two methods
to speed up the ILP computation, Experimental results show that our method can
effectively reduce the ILP computation time. In addition, our method also has great
flexibility in space, by restrictions on changes or new ILP formula can easily be
extended to different target partitioning problem. This flexibility makes the ILP

formula we can easily solve the general 3D IC partitioning problem.
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Chapter 1

Introduction
1.1 Background
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TR ez AR 3D 10) 0 T L iptkang Ko

BHR AFHETRA > I AFNTRIALE 2 el VUG %
PR S Ew - interconnect delay & power > ¥ 4 % L AFfefrR B A DR
W {3 v arsinsAmd A@ER[1][2][3][4] - International
Technology Roadmap for Semiconductors (ITRS)IER| » 5§ F & & & %] Fojras i
TR RE WA R LEARAD[S] Bl AF 0 - B afHTRRY
through-silicon vias (TSVs)2 4% 2 & ik if & fe 2 B & - @ @44 (bonding

layer) R R4 &2 2 M eidb E Ml JiCE = 6 RO F 2 BAMITR AT 74 5

Heat sink
Stacked die ]
Encapsulation I
layer 3
TSV cell 1
Landing pad =
TSV through ? H  layer2
Interlayer dielectric |1
bonding layer
( g layer) \\lv |
Metgl layers T [ ] [ ] layer 1
Device layer T T+ — —1 | =
// — 1
TSVIO —
Bump ——|
OOOOOO0)

| Bulk silicon (substate wafer) |

Figure 1.1 A 3D IC with TSVs for vertical interconnects (via first, front to back
integration) [3].
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layer 4 layer 2

layer 4

The signal
| connection between
2 adjacent layers

layer 3
consumes 1 TSV

| The l/O at layer i
consume i TSVs
layer 2

The signal
connection through
[~ several layers

consumes more
layer 1 than 1 TSV

"

==

(b) Conversion to 3D integration

Figure 1.2 Conventional multi-way partitioning in (a) cannot guarantee optimality in
3D IC integration in (b).
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1.2 Previous Work
TRFEREALD AR DEBE TR S R UTRENET
CABHMTEAPMA A D B A ST T L 34 B ehE & B [LP ehif flik o
Kwai[9]46 7 = BTN BLE §BI3RAT = AFHT R OFE
M~ TSV $pefodc iz 2+ o
1.2.1 Partitioning
[10]4e[11] &4 & 7 — By 82 > % 5.2 & Fiduccia-Mattheyses

Heuristic s s 4 f2id-= A MR s 3-8 1.3 257 7 [10]#7& I en

WEE e F A, e Rt S BIRA oA B 14 R AT (11974
Mg Bk

I nitial
partitioning

Incremental
refinement
yartitioning

Report the chip
arca and #F1I8Y

Figure 1.3 The process of Partitioning algorithm. [10]
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Figure 1.4 The flow chart of Partitioning program. [11]

1.2.2 ILP Formulation
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1.3  Thesis Organization
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Chapter 2

Preliminaries
B F aH-€ 4% TSVs ~multilevel multi-way partitioning /2 % % & f&

TR B MSY) o
2.1 Vertical Interconnects

4Bl 1.1 %77 > TSV 2 3DIC# iz fg €3 & » m;}%i}f » 11§ BT TSV

. BApalens k2 FF > - TSV igdg 1 - ifnete

Il. - TSV # z 7 TSV cell 4= landing pad -

lIl. % 3D IC - & 2 ¢ »Alanding pad &t i i ek #ic2 @4s v & 0 @
U oehm ff T 2 4 20 TSV cell 12 2 g 3 TSV cell si- % - 82 2% landing
pad m ## #i TSV.cell 7 ~ > 25 landing pad 1 7 £ %8 devices i
o A} A P 0 #8 ¢ Laglanding pad s ff o

IV. - TSV I0:# % ¥ /O terminal> @ i % TSV 10 chE j& ¢ ~ ** F i TSV
cell - ¥ ¥ v 5 2 3DICY? ch& ARk €7 TSVIO > »75 § &# 4% 1/0
terminal = net AR &d TSV A KR 4pd o

GiEhme P o AP L MR TSV & Ll 10 cn TSV 45§ i



2.2 Multilevel Multi-way Partitioning

TR R TR T P 3 45 a0 %% % 0 the multilevel partitioning # * d T

hd
S )

i B >k F R RAE R o hMetis 8. % » & 3 ang 822 - [8]

3

TBiFEF e 70 = B3 coarsening(clustering) » initial

partitioning > # ¢ #_uncoarsening (disclustering) & refinement > 4R 2.1

BT o

Projected partition ><__
Refined partition —

Initial Partitioning Phase

Figure 2.1 The three phases of hMetis [7].



2.3 Multiple Supply Voltage(MSV)

BVLSI 3t > # 8- B2L¥ MeEah i 5 B RTRAE (MSV) - 4
M TR AT o G RdF K S F F T T o MOV "E Rk S e AR R i
— BREHT R TR e F BEER N - B % 2 T TRT
VRER o R ED A B Foblder - BRIEF T G (X 2ETTRL 1OV
1.2V, 1.3VIAF MALEFcho 33 4 BT L RAR AR o d R LB BT

TRI A1 B AR L OV R AT RS L1 ER R

10



Chapter 3

Generic ILP Formulation for 3D IC Partitioning

ERFEFALAPREDLEI AL [P oo s8e & 7 4cid R ILP a0 2 o

3.1 Problem Definition

layer |
O The 1/0 signal connects
. some block at layer p
layer p Q O and consumes p-1 TSVs
cutp N

//,77
layer p-1 O >
O Q The signal connection

between layers
consumes 1 TSV

layer 1 --=-- connection — cut

cutl

layer 0 |:| |:| Q logic block I:l I/0

Figure 3.1 3D IC partitioning.

4ol 3.1 #7F » AP &R E— B e 7 logic blocks ~ 10 12 2 ¥ if* 2. fF chjpid
M a(net)T o ehg 27 2= 3D IC 3] -

Problem: I-layer 3D IC Partitioning
¥ - BEEI A H3DICfo— B EKe 7 7 logic blocks ~ I/O terminal
Fov Pt 2 Fenjpal B fa(nets) - BEEH I CEEFL | kI R TR

Wl B TSV chlicE 5 03D IC & & i i £ % T4
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3.2 Hypergraph Modeling

A input design #4% = — B hypergraph > ¢ = (V, £) o Vit 4 g -

% [/0 terminal 2 logic block » £ % — if net &4 B2+ gk Jom TSV

-

R LTSV it v B e 3R # gL TR TSV oISV 1/0s o E kA
B R - S AR TS m A e o s ) T E 3D IC

i ko fi 2EFAZF F- Ko FEuas > RETIRPREG P oo
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3.3 ILP Formulation
Table 3.1 7147 & ILP 258 ¢ #i4 Sl it £ hd & 11 2 BB T4 o @

PAE= AN 5228 TSV eng # £ > 208 2 Ve ¢

2eice2p=11"Yip (D
Vio o 08 1 P88 yip -2 38407
Vip = [(Xi1 OR Xi12 OR . .. OR X1 p1) OR

(Xiz1 OR Xi22 OR ... OR Xi2p1) OR ... OR
(Xig.1 OR Xig2 OR . .. OR Xiqp-1)] AND
[(Xi1p OR Xizps1 OR ... OR Xxi11) OR
(Xizp OR Xizp+1 OR .. OR Xi21)) OR ... OR
(Xigp ORXigpi1 OR .. :OR xijq1)], L<p <l (2

Table 3.2 7} 1 #-B4E:F & 3 A48 > 2 8[15]  bl4e: A FHv @
* ] e 0R 4 AND -

i 2 Table 3.1 4c Table3. 27 WA S B AFI A 1 [LP ch2 4 » 7 i S Hew 1#

G APT L ERE A ERBTH A G AT e A G s s
FE'& o
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Table 3.1 Variables used in our generic ILP formulation.

Category Variable Description
| The number of layers | ina 3D IC.
The external world is viewed as layer 0.
p Cut p is the cut between layers p-1 and p
General G Input design is a hypergraph G = (V, E)
Vi Vertex v; € Vis a logic block or an 1/0 terminal.
N Hyperedge e = {Vi1,Vi2,..., Vig} € E is a g-pin
net.
Xij i1s a 0-1 integer variable associated with
Layer vertex Vil Xi’j_: 1 if v; is assigned to layer j;
assignment Xid otherwise, X;, = 0. : :
For an 1/O terminal vj, Xio = 1, while for a logic
block Vi, Xj0 = 0.
Vip is @ 0-1 integer variable associated with net
ei. Vip = 1 if net e; introduces a TSV to cut p,
TSV Yip _ .
between layers p-1 and p, 1 < p < I; otherwise,
Yip = 0.
. s; is the area of vertex v;.
' si =0 if v; is an I/O terminal.
t t is the area of a single TSV.
A A =Yy Si, total area of all vertices.
Area o Ec is the perfectly balanced area for each layer, a
= All.
g is the a-bounded ratio of the deviation from
. the perfectly balanced area, 0 < ¢ < 1.

The a-bounded area for each layer is subject to
the range [(1-€)a, (1+€)a].

Table 3.2 Logical expressions vs. mathematical constraints [16].

Logical Expression

Mathematical Constraints

C=AANDB

C<A
C<B
C>A+B-1

C=A0ORB

C>A
C>B
C<A+B

14



3.4 ILP Reduction
3.4.1 Iterative ILP

ITERATIVE-ILP(G, I)
1. m=0; /[#TSVs
2. while >0
3. m=m+UNBALANCED-2LAYER-ILP(G, I);
4. G’=G-{vilxi»=1};
5. I=I-1;
Figure 3.2 The iterative ILP algorithm.
B .

A SRR a4 %0 generic TP formulations it %] % 4 testcase sivlogic
blocks i | + 7 B epF iz » ILP tool énsi RS ¢ % T Ap 4 0L » #100 Aiz B
TEHEANLZAPR D DS B E AR TR o
F- B EEAPE Badlis ILP 45 iterative ILP - B 3.2 % 77 7

iterative ILP e# &2 o & — =t 34 {7 ILP » UNBALANCED-2LAYER-ILP function #-
design > &= & 7 T2t T BIML > N2 1> X I ]ogic
blocks R4k 2 ficcenf B s [ A > 216 & |34 17 UNBALANCED-2LAYER-ILP i & 54
F- Rl - 12323 3D IC gt o #Fulen- B8 § /5 1 ehphig > 8

% #7#]7 e logic blocks & 5 7F * LAy A > B AT ¥ - & o
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UNBALANCED-2LAYER-ILP function # &+ 223 & 3.3 #7 4 % e generic ILP
formulation = RApk » % 7 o ff L] 39 F o )% UNBALANCED-2LAYER-ILP
function E_#¥-design *» & & & # 7 L 35ehd BIRA > #1002 E ey 20 ke

AR 2 g o @ f el seen formulation e

minimize DeicE 2p=1.2 Yip
subject to 2i=0.2 Xij = 1, Vi eV,

(1-g)a < 2iev Si Xij + Deice Yij < (1+€)a, j=2.

3.4.2 Pre-clustering

F = AP A TLP2 # & #-design ¥ pre-clustering 4 3¢ -
AP S [19] 9738 4y e i Rl JLP 29 3 R i ® > # logic blocks *#
M5 100 B2 oo AP Rdg e 6% B logic blocks ¥t i~ 42 » &]4e © pin
BL 5 3 B donet o 2N iR #as i onet A 4560 logic blocks #A- A2 A
- B AT subset 0 2. {8 ¥ 1T e logic blocks » £ jEH ¢ PeiFdo] A E o
LB A el sk 33 0 - B logicblock S B2 R BRE T Az

Frefisubset 22 ¢ o T TR Y A Ain B subset 2 ¢ chpin BF BB o
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Chapter 4
An Extension to MSV Design

A3 ILP et > A fpd-chap 3.3 1 D1 en ILP N B 714 g MSV - =
- 1 logicblock § 3 % B (e T RT (FE > #r12 Aig B F & 2 % power
KQ«;PJ;\ EREDN Elj},{:;‘y -&;E‘f’] ILP 7P o
4.1 Problem Definition

Fli 53k MSVem » [LP 28 enp Rea g 2 2 B TSV ez # £ »

PBGFIE Ao FP > 5 H G MSV h [LP A48 2 4o

Problem: I-layer 3D IC Partitioning with MSV
%5 - BEF#HK| K5 3D IC fv- BT EKI e 77 logic blocks ~ 1/0

terminal f-v 7 L 2t 2. B c4p i B 7% (nets) > & 3 =+ & logic block ¥ 12 3% #% <

=t

ERITTROBEESIN>HEF LI NN TR TP ERIEER TSV

P E RS CAFHAIREE T FEFETTIEEER AL
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4.2 Extended ILP Formulation for MSV Design
Table 4.1 7317 &4 i MSV sl ™ » #i§ %ficsr s 4 e, & 1 2 $¥eh
') o fr Table 3.1 & 2 & jg MSV enfiin ™ 975 S 8cferT4]5% 3 &t g Table

4.1 L 5 40 B i) R % Bicfe power U4 5t o BRI - B B

|
Ieacs

B3 E BT RehpFiE> ¥ 2 .73 % logicblocks { & & 2 4 & TSV eh i il o
@ % — 1 supply voltage 7 #LE#H @ * & » 2 myegd v EtEs - B 10

terminal » £ # # * i& B supply voltage 7 logic blocks €47 » 12 voltage

level %5 » 4k — % net °
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Table 4.1 Variables used in our extended ILP formulation for MSV design.

Category

Variable

Description

General

The number of layers lina 3D IC.
The external world is viewed as layer 0.

Cut p is the cut between layers p-1 and p

p
G

Input design is a hypergraph G = (V, E)

Vi

Vertex v; € Vis a logic block or an 1/O terminal.
A supply voltage is viewed as an 1/O terminal for
MSV design.

€

Hyperedge €; = {Vi1,Vip,..., Vig} € E is a g-pin net.
The set of logic blocks operating at the same
voltage U; forms a hyperedge.

Uj ) {Vi L Zj =1}

Layer
assignment

Xij is a 0-1 integer variable associated with vertex
vi. Xij= 1 if v; is assigned to layer j; otherwise, X;;=
0.

For an I/O terminal v;, Xio = 1, while for a logic
block vj, ;0 = 0.

TSV

yi,p

Vip IS @ 0-1 integer variable associated with net e;.
Vip = 1 if net e; introduces a TSV to cut p, between
layers p-1 and p, 1 < p <|; otherwise, y;, = 0.

Area

Si

s; is the area of vertex vi;.
si=0if viis an I/O terminal.

t is the area of a single TSV.

A =2y Si total area of all vertices.

o is the perfectly balanced area for each layer, o =
Al

¢ is the a-bounded ratio of the deviation from the
perfectly balanced area and power, 0 < ¢ < 1.

The a-bounded area for each layer is subject to the
range [(1-g)a, (1+&)a], while the a-bounded power
for each layer is subject to the range [(1-€)B,

(1+£)B].

Voltage
assignment

Zj

zij is a 0-1 integer variable associated with vertex
vi. zij= 1 if v is assigned to voltage U;; otherwise,
zij= 0. For an I/O terminal v;, z;;= 0. For a logic
block, a subset of timing safe supply voltages from
U={U;,j = 1..r}is given.

Power

Zj:l..rzi,jUj

The operating voltage of logic block v;.

W

w is the power of a single TSV.

P

P = Yiicv SiCkerr ZixUid) + W2 eice2p=1.1 Yip, total
pOwver.

Pi = 2iev SiXij(Xk=1.r 7, Ud) + Weice yij, total
power for layer j. For simplicity, the TSV power
for cut j is included at layer j.

B is the perfectly balanced logic power for each
layer, B = P/I.

19



4.3  Speed-up

B B MSV el > A iR kT 1@ % jterative ILP 2 4ci# o % chap
3.4 e [LP 238 { % 4c 7 B> power ef 438 > H 3 g N stdeT

minimize DeicE 2p=12 Yip
subject to 2i=0.2Xij =1, 2j=1.r Zij = LVi €V,
(1-€)a < 2yiev Si Xij+ 2 eicE Vij < (1+e)a, J=2,

Sviev $iXij(Cketr ZikUKE) + Wieice Vij < uB,  j=2.
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Chapter 5

Experimental Results
*F e 2B E CHARN S £ % 4 IBM IL0G CPLEX § .[18] -

T -5 36 & GSRC floorplanning benchmarks #% 7 c#cdy - Table 5.1

i\4

ez L3R7| & B benchmark =7 10 #ic P ~hyperedges #icp % #1*» 3] e $c- Table
5.1 sh+ L3 E & B benchmark 7 ¥4 jg MSV fr g MSV ehfiim ™ » #r3k @i

Roo Ak e R R Tl o

Table 5.1 Statistics on GSRC benchmarks.

Statistics w/o w/ MSV
MSV
Case #10 #Hyperedges I € € B
N10 79 118 2 3.0% 4.0% 0.7
N30 242 349 3 4.5% 5.4% 0.95
N50 259 485 4 5.5% 6.0% 0.95
N100 334 885 5 7.0% 7.5% 0.98
N200 564 1585 6 9.0% 10.0% 1
N300 569 1893 7 11.0% 12.0% 1

21



5.1  Generic ILP vs. Iterative ILP

Table 5.2 7|31 7 generic ILP £ iterative ILP 0@ Bk %% - m 37|
7 F B testcase A AT F 4 ek HFA W EEF B testcase FTE 2 H Ik
ik o B oo T Tk $ 6 % THF 5 generic ILP #7138 & ke TSV #c
e EFE R 89 5 iterative ILP 4~ 4502 7 53 pre-clustering #
Frerh I RN TSV BB el 7477 O 5 &8 7 5 iterative ILP fed= 45
# pre-clustering # T8 & k e TSV #e 8 fofl (797 F P o

R ki E ¥ 18 iterative ILP #x& 7 generic ILP ehdy = p5 & » T

2heig 0TI B > ¥ 3 FE ] case  nll s » 7 04 deiE B 2

i

Poo ® = 0 GF

A4 generic ILP &3 B 12 B iterative ILP # # * TSV i & #
4z iF % generic ILP » TSV #ic® e 5% fic w2 &3 1terative ILP +§ 7 generic
ILP el i it o T2 % » i = testcase ¥ 14 7 I » # P hiterative ILP
e TR @ TSVEE 47 R 53 4, 3% o H73T #L+ o testcase ™ > n200
4= n300> iterative ILP v pre-clustering-% % % 1 > 5§ 7 pre-clustering

e BT e iterative ILP > i B0 2 B adeid o
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Table 5.2 Results on GSRC benchmarks with single voltage.

) Iterative ILP
Generic ILP - -
. w/o pre-clustering w/ pre-clustering
testcase | #vertices | #hyperegdes| | | ¢ (%) - - -
#TSVs runtime #TSVs runtime #TSVs | runtime
(sec) (sec) (sec)
n10 79 118 2| 3.0 115 0.18 124 0.09
n30 242 349 3| 45 481 38.13 517 4.44
n50 259 485 4| 55 715 3610.86 726 45.69
n100 434 885 5| 7.0 NA® NA" 1204 124.19 1295 | 28.735
n200 764 1585 6| 9.0 NA® NA" 2536 | 11592.00 | 3015 | 5550.47
n300 869 1893 71 11.0 NA® NA" 3288 | 21645.90 4153 |11153.10
Average -- -- -- -- 1000** 1000** 1043** 0014** . -

" NA represents the ILP formulation is terminated by CPLEX.
" The average of the first three cases
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5.2 ILP with MSV

Table 5.3 7| 7 generic ILP #2 iterative ILP 4 w4 g MSV e F & &
Foa 34T & B testcase A A F I F Afok HF A B EF B testcase
& 3D Rk Bicfo® koo AT geeniilic s % 6 % T 5 generic ILP #f
EN R TSVEE o 973 PP 5 8~ 9 5 iterative ILP 4=45ix 5 538

pre-clustering # Z*75 5 kA TSV #ic & fofd (7475 P R 5 B8 7 4f &

iterative ILP i2 4~ 42538 pre-clustering # Zg*7 & 1 &k 1 TSV #c & fod {7 47
gl
KR &5V i8> iterative ILP i 3 7 4cif 142 B T ¥ 1t 42 generic

ILP x5 & # 5 &eh TSV o sV ¥ 5.3l nd0 < iterative ILPE 3|7
92 Bt o e g 6% TSV gl ® o sefa i A o ISV chidic 8 7 7 1L 20 A
3ot R o testease iR T 2n200 frn300- 538 7 pre-clustering

¥ BE L 7 4o P iterative JLP Bl B2 Biendeid o
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Table 5.3 Results on GSRC benchmark with MSV.

i Iterative ILP
Generic ILP - -
) w/o pre-clustering w/ pre-clustering
testcase | #vertices | #hyperegdes | | | € (%) - - -
#TSVs | runtime | #TSVs runtime #TSVs | runtime
(sec) (sec) (sec)
n10 79 118 2| 4.0 118 3:85 127 5.23
n30 242 349 3| 54 484 3616.67 518 11.13
n50 259 485 4 | 6.0 799 3611.67 749 39.30
n100 434 885 5| 75 NA® NA” 1229 192.11 1322 62.453
n200 764 1585 6 | 10.0 NA® NA® 2761 11985.30 3180 | 5863.11
n300 869 1893 7 | 12.0 | "NA® NA" 3321 | 21620.30 | 4196 [10804.70
Average -- -- —~ | = 1000 _|.1:000" | 09887 | 0.007" - -

" NA represents the ILP formulation is terminated by CPLEX.
" The average of the first three cases.
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B 5. 1w# iterative ILP ¥4 g MSV & 2 4 g MSV cha @ fiim—™ » TSV e
2 (AW5.1(a) et FrR (RM5.1 (b)) ¥ %7 MSV efiinT™ » 3
50 TSVALR * 3 e ? I en@ R JF 4t g o Fpt - TSV#E p 2245 g0
MSV erviterativelLP &% % jg MSV & ke ? - F k%% 47 > F g7 MSV % 1
#37 6% 0 TSV #c® - B 5.1 (b) B 7 a B [LPs el 7R o F15 5 7
BT R R RS LN o ILP chdg e 4 > Rz R R o ¥ g MSV 5
iterative ILP # &R 4 To#T 29 o Xm0 iterative ILP endd {7 pE A

T 2 generic ILP» #5172 > ¥ 553 S B NSV 2 B AR eni L7

e

Mg e

Bl 5.2 {-® 5.3 " #& 7 iterative ILPH_Z 5i8 pre-clustering # 2 7
538 pre-clustering # Ff s fafi T 0 TSV e e (TR R - F SR ip % 4
T A HETE Y g MSV > 8 pre—clustering % 7 #-i7 2 2 ch TSV #cg o A a >

F i P hF AL - R BRERFR G e - B hpFE o
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Figure 5.1 Comparisons of (a) #TSVs and (b) runtime between iterative ILP w/ and w/o MSV.
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Figure 5.2 Comparisons of (a) #TSVs and (b) runtime between iterative ILP w/ pre-clustering and
w/o pre-clustering.
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Figure 5.3 Comparisons of (a) #TSVs and (b) runtime between iterative ILP with MSV w/
pre-clustering and w/o pre-clustering.
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Chapter 6
Conclusion

6.1 Concluding Remarks
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