
Abstract

Kapur, Nevin. Cel l Plac ement and Minimization of Cr ossing Numb ers.

(Under the direction of Dr. F ranc Brglez)

Area and p erformance in sub-micron tec hnology VLSI circuits are critically dominated

b y in terconnect. W e conjecture that go o d ro w-based placemen ts can b e pro duced b y

minimizing two wire crossing n um b ers: (1) the total wire crossing of all edges b et w een

cells in the wiring channel , and (2) the maxim um wire crossing of c el l sep ar ators ,

imaginary lines dra wn b et w een cells. W e lev erage the canonical form of the m ulti-

lev el bipartite directed graph to formalize a unit-grid mo del that allo ws us to de�ne

and ev aluate parameters suc h as total wire crossing, critical wire crossing, total wire

length, critical wire length, critical wire densit y , total wire densit y , total feedthroughs,

as w ell as heigh t, width, and area of the em b edded graph.

W e implemen ted a protot yp e placemen t algorithm TOCO that pro duces placemen ts

based on our conjecture. It mak es use of existing tec hniques to minimize the total

wire crossing in the m ulti-lev el graph mo del of a netlist. In addition, w e prop ose

and implemen t a no v el approac h to minimize the maxim um wire crossing of the cell

separators. W e ha v e designed and executed a n um b er of statistical exp erimen ts to

demonstrate the feasibilit y and the promise of the prop osed approac h.
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Chapter 1

In tro duction

The adv ances in sub-micron semiconductor tec hnology ha v e resulted in a tremendous

increase in the n um b er of transistors that can b e placed on a single device. T o da y ,

it is not uncommon for devices to con tain millions of transistors[1]. There is an

o v erwhelming need to automate the device design pro cess in order to cut do wn the

design cycle time.

Area and p erformance in submicron tec hnology VLSI circuits are critically domi-

nated b y the in terconnect. The v ariations in in terconnect that arise after cell place-

men t and routing, suc h as wire crossings, wire densit y , wire loading, wire length,

etc., ma y b e hard if not imp ossible to predict. Similarly , the in terconnect mo dels

asso ciated with the logic implemen tation and logic testabilit y prior to placemen t and

routing ma y c hange considerably after cell placemen t and routing. This motiv ates

the need for mo dels of abstraction whic h address these issues.

In this thesis w e conjecture that go o d placemen ts can b e pro duced b y minimizing

two crossing n um b ers in a bipartite graph mo del:

(1) the total wire crossing of all edges, and

(2) the maxim um crossing on an y cell c hannel separator segmen t in a wiring c hannel.

This c hapter in tro duces illustrativ e descriptions of issues and tec hniques that will
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b e expanded in the b o dy of the thesis. W e start with brief o v erviews of the VLSI

Design Pr o c ess and the Physic al Design Pr o c ess . V arious examples illustrate the

motiv ation for our conjecture, leading to a placemen t sc heme and the metrics up on

whic h w e plan to expand. W e conclude this c hapter with a Thesis Outline .

1.1 The VLSI Design Pro cess

The design of a device that concludes with the fabrication pro cess requires partitioning

of tasks at sev eral lev els of abstraction. T ypical lev els of abstraction along with their

corresp onding design steps are illustrated in Figure 1.1[2 ].

Architectural Design

Logical Design

Fabrication

Specification

Behavioral/Architectural

Register transfer/logic

Cell/Mask

Device

Physical Design

Figure 1.1: A VLSI design 
o w.
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The design is tak en from sp eci�cations to fabrication step b y step with the help

of v arious CAD to ols. Broadly , these phases are:

Arc hitectural design. In this phase, the device is designed in terms of larger cir cuit

mo dules suc h as arithmetic units, memory units, in terconnection net w orks, and

con trollers.

Logical Design. Once the system arc hitecture is de�ned, it is necessary to carry out

the data p ath design and the c ontr ol p ath design . Giv en a sp eci�cation, the

ob jectiv e is to arriv e at a design whic h meets all the constrain ts p osed b y the

sp eci�cation, and optimize one or more of the design asp ects. This problem is

also kno wn as har dwar e synthesis .

Ph ysical Design. This phase pro vides data for the fabrication of a circuit. In the

most general terms, ph ysical design refers to all syn thesis steps succeeding logic

design and preceding fabrication. These include all or some of the follo wing

steps: logic partitioning, 
o orplanning, placemen t, and routing. The p erfor-

mance of the circuit, its area, its yield, and its reliabilit y dep end critically on

the w a y the circuit is laid out.

1.2 The Ph ysical Design Pro cess

The ph ysical design pro cess can b e brok en do wn in to the follo wing steps, sho wn in

Figure 1.2:

Circuit partitioning in to parts, eac h of whic h is subsequen tly treated individually .

Flo orplanning and c hannel de�nition, a stage required for a macro-cell la y out.

Flo orplanning includes �nding the alignmen t and relativ e orien tation of the



4

mo dules so that the total device area is minimized. After 
o orplanning, the

routing region m ust b e divided in to c hannels and switc h b o xes.

Circuit placemen t , whic h determines the exact p osition of the circuit comp onen ts,

so as to optimize some cost function suc h as the total wiring area.

Global routing decides, for eac h net, rough routing plan in terms of the c hannels

through whic h the net will b e routed.

Channel ordering whic h refers to the exact ordering of the pins on the top and

b ottom sides of the c hannel.

Detailed routing of p o w er and ground nets when the actual assignmen t of the

wires to the trac ks is p erformed. P o w er and ground nets are generally handled

separately , due to the sp ecial constrain ts.

Channel and switc h b o x routing in the last phase of ph ysical design.

There are sev eral la y out st yles curren tly in practice. These include:

1. F ull custom;

2. Gate-arra y design st yle;

3. Standard-cell design st yle;

4. Macro-cell (building blo c k la y out);

5. PLA (programming logic arra y); and

6. FPGA (�eld programming gate-arra y) la y out.

T ypically , the main ob jectiv e of an automatic la y out to ol is to obtain a la y out

whic h is as compact as p ossible, while meeting the user sp eci�ed timing constrain ts.
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Circuit partitioning

Floorplanning

Circuit placement

Global routing

Channel ordering

Detailed routing

Channel routing

Figure 1.2: V arious stages in the ph ysical design pro cess.

Compact la y outs are desirable as they allo w more pro cessing p o w er to b e pac k ed in to

the device.

The approac h in this thesis can b e most readily applied to the standar d c el l design

st yle. W e presen t a broad o v erview of this metho dology in the follo wing section.

Standard Cell Design St yle. In this metho dology , the designer is pro vided with

a predesigned library of cell la y outs, called standard cells. These cells ma y b e simple

logic gates, suc h as NANDs, NORs, or complex mo dules lik e adders and 
ip 
ops.
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The cells are constrained to b e of equal heigh t, but they can b e of v arying width.

Standard cells are t ypically placed in ro ws with cells butting against eac h other. This

allo ws one to run common signals suc h as p o w er and ground through the cells. In

a t ypical design using standard cells, a desired function is realized b y dra wing the

required cells from the standard cell library and describing their connectivit y . Figure

1.3 sho ws a section of a standard cell la y out.

Cell

Channel

Row

Figure 1.3: Standard cell la y out.

The standard cell net w ork is then fed in to an automatic place and route system.

The place and route system �rst places the cells in ro ws and routes the connections

among then in the area b et w een the ro ws. The space b et w een t w o adjacen t ro ws is

called a channel . The activ e area of the device is limited to the ro ws. The c hannel area

con tains the o v erhead due to the wiring. A go o d place and route system attempts to

pro duce as compact a la y out as p ossible, b y k eeping the c hannel area to a minim um.
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In a standard cell la y out, the c hannel area can b e as high as 70% [3] of the total

area of the device. Hence, there is great need to build b etter place and route to ols

that could bring do wn the wiring o v erhead. This thesis prop oses a placemen t sc heme

whic h tries to reduce this wiring o v erhead b y minimizing two crossing n um b ers:

(1) the total wire crossing of all edges, and

(2) the maxim um crossing on an y cell c hannel separator segmen t in a wiring c hannel.

1.3 Crossing Num b ers and La y out P arameters

In order to apply an algorithm to a real problem, the problem m ust b e transformed

in to an abstract mo del. Abstraction replaces an ob ject with a simpli�ed mo del that

that de�nes the in teraction of the ob ject with its en vironmen t. After the algorithm

is applied in the abstract domain, the abstract results m ust b e transformed bac k in to

the real domain. F or the placemen t problem, the imp ortan t asp ects that m ust b e

mo deled are the circuit elemen ts and the in terconnections.

Ob jectiv e F unctions. The qualit y of a placemen t is based on man y factors: some

examples are completion rate after routing, electrical p erformance c haracteristics, and

la y out area. Metrics based on these factors can compare alternativ e placemen ts [4].

These metrics are used b y placemen t algorithms to compute a sc or e whic h measures

the qualit y of a placemen t. A large n um b er of metrics, ranging from simple to com-

plex, are divided in to t w o classes: those that assume that the net routings do not

in teract with the other nets and those that accoun t for this in teraction of nets.

Net Metrics. The simplest net metrics assume that the nets can b e routed without

in terfering with eac h other or with the comp onen ts. One widely used metric is wir e

length , whic h is the sum of the lengths of the in terconnection o v er all nets. This metric
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is fast to compute, and the algorithm easy to implemen t. Wire length accoun ts for

in teraction among the nets only indirectly , since less wire means less in teraction.

Congestion Metrics. The net metrics quan tify only the amoun t of wiring. They

do not measure where the wiring is lo cated. This can lead to hea vy wiring buildup

or congestion. Congestion ma y b e a global measure suc h as the n um b er of nets that

cross a cutline , or a lo cal measure suc h as tr ack density within a routing c hannel.

Wire length metrics. In ro w{based cell placemen t, the cost function that con tin ues

to dominate the researc h relates mostly to total wire length. Algorithms that use

wire length as a cost function include approac hes as div erse as sim ulated annealing

[5, 6 , 7, 8], quadrisection [9, 3, 10], and recursiv e and quadratic programming [11,

12, 13, 14 , 15 , 16 , 17 , 18 ]. Comparisons b et w een di�eren t wire length ob jectiv es are

presen ted in [19, 20]. Mo dels and algorithms for accurately estimating the a v erage

in terconnect length for b oth random and optimized placemen ts ha v e b een presen ted

in [21]. Abstract placemen t mo dels, suc h as presen ted in [22 ], also aim to minimize

the c hannel densit y .

Wire crossing metrics. Activ e researc h in the �eld of wire crossing minimization

in graphs has b een carried out for man y y ears for applications in �elds as div erse

as economics, so cial sciences, mathematics and computer science. Crossing theory

has b een dev elop ed to impro v e the readabilit y of hierarc hical structures [23]. The

problem of placing the no des for minim um wire crossing is NP-complete, ev en for 2-

la y er graphs [24]. Sev eral metho ds [25, 26 , 27, 28 , 29] ha v e b een prop osed to minimize

the wire crossing in em b eddings of graphs. A surv ey of exact and heuristic algorithms

is a v ailable in [30, 31].

In con trast, in VLSI, there ha v e b een few algorithms based on the wire crossing

ob jectiv e. The crossing n um b er and wire area ha v e b een in v estigated to �nd lo w er
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b ounds on the la y out area and the maxim um edge length of a v ariet y of computa-

tionally useful net w orks. In [32], it w as sho wn that the crossing n um b er can giv e

go o d lo w er b ound on the la y out area of man y graphs. These b ounds w ere based on

a the Thompson grid-mo del [33 ]. Giv en a global routing, the problem of \prop erly"

distributing the set of crossings among the regions has b een studied in [34]. Recen t

studies [35 ] ha v e sho wn imp ortan t relationships b et w een bipartite dra wings and the

linear arrangemen t problem. In this thesis, w e prop ose a new unit-grid mo del, deriv ed

from the a m ulti-lev el bipartite graph in canonical form [36].

W e will pro vide a bibliographic o v erview of some of these metho ds in Chapter 2.

1.4 Motiv ation for the Mo del: An Example

W e use a simple 11-no de planar cir cuit to informally in tro duce the prop osed unit-

grid mo del and illustrate the conjecture that go o d placemen ts can b e pro duced b y

minimizing two crossing n um b ers in its directed bipartite graph mo del represen tation.

Ma jor steps in our exp erimen ts are summarized in Figure 1.4. With resp ect to Figure

1.4:

(a) The circuit is not dra wn in the planar form. Rather, w e dra w it as an instance of

a r andom plac ement , in a c anonic al form , of a bipartite directed acyclic graph

[36 ]. An in tro duction to the canonical form can b e found in the App endix.

The shaded `square' and `triangle' no des represen t net no des , the circles and

ellipses are c el l no des . Eac h circle represen ts a lo gic c el l in the original circuit,

eac h ellipse represen ts a fe e dthr ough c el l in tro duced b y the canonical form. W e

call the horizon tal lines, dra wn as dotted lines and indexed from 0 to 4, c el l

sep ar ators . W e call the v ertical lines that could b e dra wn through the net
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1 2 30

(a) Initial placement of circuit `planarÕ (mutant #2):
     

0

1

2

3

4

a3

a4

a5

a1

a2

(b) Example of a net-to-cell 
     channel  initial placement

wire crossing = 23
wire length = 23.5
critical wire density=7

a3

a4

a5

a1

a2

b7

b6

b5

b4

b1

b2

b3

(c) Example of a net-to-cell 
     channel  optimized placement

wire crossing = 0
wire length = 8.5
critical wire density=1

b7

b6

b5

b4

b1

b2

b3

a3

a4

a5

a1

a2

wire crossing = 54
wire length = 51
average wire density=2.5

(d) La y out with O ASIS.

Initial Final Ideal

TWL [51.54, 53.18] [36.12, 37.02]

52.36, 4.11 36.57, 2.26 28

CWL [9.49, 9.99] [6.38, 6.62]

9.74, 1.24 6.50, 0.61 5

TW C [36.94 , 39.72] [2.77 , 3.87]

38.33 , 6.98 3.32 , 2.77 0

CW C [12.03, 12.71] [1.84, 2.54]

12.37, 1.72 2.19, 1.74 0

A WD [2.23, 2.35] [1.14, 1.20]

2.29, 0.31 1.17, 0.18 0.33

Width [9.69, 10.04] [6.40, 6.60]

9.87, 0.92 6.50, 0.53 6

Heigh t [4.30, 4.30] [4.30, 4.30]

4.30, 0.00 4.30, 0.00 4.3

Area [41.64, 43.20] [27.50, 28.40]

42.42, 3.94 27.95, 2.27 25.8

(e) Minimization for TW C.

Figure 1.4: Subproblems in circuit la y out: exp erimen ts with the isomorphic class of

circuit `planar'.

no des and indexed from 0 to 3, net sep ar ators . The region b et w een alternate

sets of cell no des and net no des is called a half channel .

The total wire crossing n um b er for all edges in the graph as dra wn here, is

54. The congestion in the half c hannels can b e measured b y coun ting ho w
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man y wires cross the cell separators. F or a particular half c hannel, the critic al

wir e density is the maxim um n um b er of wires that cross an y cell separator in

that half c hannel. A formal de�nition of this and other parameters will b e

presen ted in Chapter 3. The aver age wir e density is the mean of the critical

wire densities of all half c hannels. In the �gure sho wn, the distribution of the

critical wire densities, from lev els 0 to 3 is f 7 ; 0 ; 6 ; 0 ; 4 ; 0 g while the a v erage is

2 : 83 maxim um wire crossings p er half c hannel. Starting with the placemen t

sho wn, not ev en the state-of-the-art algorithm suc h as DOT [29 ] can render the

circuit planar (wire crossing is minimized to a v alue of 7).

(b) Analysis of the left-most half c hannel in (a) sho ws a total wire crossing of 23,

wire length of 23.5, and a critical wire densit y of 7. Wire crossing refers to

crossing of edges b et w een net no des and cell no des. If an edge b et w een t w o

adjacen t no des crosses no cell separators (sho wn as dotted lines), w e de�ne the

length as 0.5, and increase it b y 1 whenev er the edge crosses a cell separator.

(c) Wire crossing minimization of the isolated net-to-cell c hannels in (b) reduces

total wire crossing to 0, wire length to 8.5, and the critical wire densit y to 1.

(d) An instance of the standard cell la y out of `planar' with O ASIS [37] sho ws a

n um b er of wire crossings.

(e) The table summarizes an exp erimen t with 100 instances of the netlist of the 11-

no de planar circuit, eac h in random order, b efore submission for wire crossing

minimization with DOT [29 ]. These 100 circuits b elong to Class D of circuit m u-

tan ts with 0 p erturbations, an isomorphic class, obtained b y merely reordering

the instan tiation of no des in the netlist description [36]. An o v erview of wiring

signature in v arian t m utan ts can b e found in the App endix. W e measure the
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initial and �nal v alue of sample mean, sample v ariance, and 95% con�dence

in terv al of the mean [38] for sev eral parameters w e ha v e already de�ned or will

de�ne later in the pap er: total wire length ( TWL ), critical wire length ( CWL ),

total wire crossing ( TWC ), width of placemen t ( Width ), heigh t of placemen t

( Height ), and area of placemen t ( Area ).
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Figure 1.5: Area and wire crossing distributions for the isomorphic class of `planar'.

In Figure 1.5 w e observ e the follo wing:

(a) Histogram of circuit areas for 100 instances of the netlist of the 11-no de planar

circuit, b elonging to Class D, optimized with O ASIS [37] exhibits a near-normal

distribution with a mean of 26275 and a v ariance of 4 : 78. Ideally the v ariance

should b e 0, since all the netlists are the same.

(b) Histogram of circuit minimized wire crossing for 100 instances of the netlist of

the 11-no de planar circuit, b elonging to Class D, submitted for wire crossing
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minimization with DOT [29 ] exhibits a distribution with mean of 3.32 and a

v ariance of 83 : 43%. Ideally , b oth the mean and the v ariance should b e 0 since

the graph is planar.

Conclusions that w e dra w from the observ ations recorded in Figures 1.4 and 1.5

are:

(a) Wire crossing minimization, in b oth the net-to-cell and cell-to-net half c hannel,

can reduce not only the wire length but also the wire densit y .

(b) T raditional la y out optimization algorithms are not minimizing wire crossing.

(c) Wire crossing minimization of a complete circuit, can impro v e a n um b er of la y out

parameters in the bipartite graph mo del, not just the wire crossing.

(d) Minimized circuit area for 100 instances of the netlist of the 11-no de planar

circuit, eac h listed in di�eren t random order, is a random v ariable and ma y b e

far from b est p ossible.

(e) Minimized wire crossing for 100 instances of the netlist of the 11-no de planar

circuit, eac h listed in di�eren t random order, is a random v ariable. Relativ ely

few netlists ha v e b een returned with the kno wn minim um wire crossing of 0.

Unlik e in the case of la y out in 1.5(a), this distribution is not normal since more

solutions are clustered to the righ t of the minim um v alue { lending supp ort

to our conjecture that optimizing the placemen t b y minimizing wire crossing

with a go o d algorithm ma y b e as e�ectiv e, if not more, than minimizing the

wire length estimates.
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1.5 A Sample Flo w: An Example

In this section, w e informally presen t our placemen t sc heme, TOCO . W e use a simple

sequen tial circuit s27 [39 ] to illustrate the v arious phases of TOCO . W e concen trate on

three parameters { the total wire length, the a v erage wire densit y , and the total wire

crossing { at eac h stage of the 
o w.
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       Total wire length = 73.   Feedthroughs = 15         Total wire length = 54.  Feedthroughs = 15

Figure 1.6: (a) Initial canonical placemen t of s27. (b) Canonical placemen t of s27

optimized for wire crossing.

Figure 1.6(a) sho ws the initial placemen t for s27 . The netlist is in the c anonic al

form as describ ed in [36 ]. The imp ortan t features of this placemen t is the alter-

nation of c el l no des and net no des , whic h facilitates a m ulti-lev el em b edding of the

netlist. Eac h v ertical lev el in this em b edding can b e though t of as ro ws in ro w-based

placemen t. The net no des denote p ossible `lo cations' of nets in the wiring c hannels.

Note that eac h cell no de is driv en b y net no des and vice-v ersa. The circles repre-

sen ts v arious logic cells; 
ip-
ops are represen ted b y squares. The shaded ellipses are

fe e dthr oughs, whic h serv e the purp ose of routing nets whic h span more than one lev el.

This initial placemen t has a total wire crossing of 35, an a v erage wire densit y of 2 : 17,
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and a total wire length of 73.

The wire crossing optimized form of the canonical form is sho wn in Figure 1.6(b).

The cell no des are still constrained b y the lev el assigned to them in the canonical form.

Ho w ev er, the order of the no des in a particular lev el has b een c hanged to minimize

the total wire crossing. This results in a dramatic reduction in the wire crossing to

2. The a v erage wire densit y reduces signi�can tly to 1 : 42, and the total wire length to

54. Note that at this stage of the 
o w, no attempt is made to reduce the a v erage wire

densit y . F or example, the critical wire densit y for c hannel 1 and hence the a v erage

wire densit y can b e reduced b y mo ving the net no des corresp onding to the primary

input b ab o v e cell separator 2.

The canonical form is not suitable for placemen t, since the n um b er of cells at

di�eren t lev els can v ary widely whic h results in la y outs with `w asted' space. Hence

a compaction pro cedure is applied, whic h tries to main tain the same n um b er of cell

no des at eac h lev el. The compacted form utilizes the same underlying bipartite graph

structure with one imp ortan t distinction. Some feedthroughs are eliminated b y using

cells to span lev els.

Figure 1.7(a) sho ws the result of this compaction. A t this p oin t, no optimization

has b een applied, so the total wire crossing, the total wire length and the a v erage

wire densit y jump to 26, 62 and 2 : 83 resp ectiv ely . Ho w ev er, the n um b er of cell no des

in eac h ro w is 4. Here, cell S is used to route net a , whic h spans more than one lev el.

This can only b e done for nets whic h are inputs to a cell

1

.

Wire crossing optimization of the compacted form in 1.7(a) results in 1.7(b).

Again, the lev els are constrained b y the compaction pro cedure, the order of cell

no des and net no des at eac h lev el is p erm uted to minimize the wire crossing. While

1

Suc h a tec hnique is commonly used in standard cell place and route to ols suc h as OASIS [37 ].
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(a) Total wire crossing     = 26
      Average wire density = 2,83
      Total wire length       = 62

(a) Total wire crossing     = 3

      Total wire length        = 45

(a) Total wire crossing     = 3
      Average wire density = 1.17
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Figure 1.7: (a) Initial compact placemen t for s27. (b) Compact placemen t of s27

optimized for wire crossing. (c) Compact placemen t of s27 optimized for cell separator

assignmen t.

optimizing the total wire crossing to 3, the a v erage wire densit y and the total wire

length are reduced substan tially to 2 : 17 and 45 resp ectiv ely .

The �nal phase of the TOCO placemen t sc heme relies on algorithms that minimize

the a v erage wire densit y and the congestion. The relativ e order of the net no des and

cell no des is not c hanged. No w, w e shift the net no des in the wiring c hannel and

the feedthroughs in the cell c hannels to reduced the n um b er of edges that cross cell

c hannels. This results in preserving the wire crossing and a reduction in the wire

length. In this case, the a v erage wire densit y is reduced to 1 : 17 and the total wire

length to 33.

Detailed explanation of eac h phase of this 
o w is presen ted in Chapter 4.
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1.6 Ev aluation: An Example

In this section, w e visually explain the �gures of merit that w e concen trate on in

this thesis. T able 1.1 sho ws these �gures of merit for the phases of TOCO illustrated

in Figure 1.7. The n um b ers under `Compacted' refer to these parameters just after

Compacted Reordered Optimized

TWL 62 45 33

CWL 21.5 16.5 10.5

TWC 26 3 3

CWC 20 3 3

AWD 2.83 2.17 1.17

Width 11.5 9.5 6.5

Height 4.2 4.2 4.2

Area 48.3 39.9 27.3

FTS 2 2 2

T able 1.1: Figures of merit for v arious phases of TOCO for s27.

the compaction phase, the corresp onding placemen t b eing Figure 1.7(a). `Reordered'

refers to the parameters after the wire crossing minimization has b een applied as in

Figure 1.7(b). Finally `Optimized' lists the results after the cell separator assignmen t

phase after whic h the placemen ts lo oks lik e Figure 1.7(c). The abbreviations TWL ,

CWL , TWC , CWC , AWD , and FTS denote the total wir e length , the critic al wir e length , the

total wir e cr ossing , the critic al wir e cr ossing , the aver age wir e density and the n um b er

of fe e dthr oughs resp ectiv ely . These terms will b e formally de�ned in Chapter 3.

Before the cell separator assignmen t phase, in Figure 1.7(b) the critical wire length

is rep orted as 16 : 5, whic h is the length of the path that consists of the follo wing cell

no des: < f ! s ! u ! q ! n ! m ! e > . In this case b oth f and e are 
ip-
ops.
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After the cell separator assignmen t phase, in Figure 1.7(c) the critical wire length

comes do wn to 10 : 5, alb eit the critical path itself c hanges to the one formed b y the

follo wing cell no des: < f ! s ! t ! q ! n ! k > . In this netlist, f is a 
ip-
op,

while k is a primary output. The critical wire crossing is the same for b oth these

phases, 3, the path whic h exhibits that wire crossing b eing the one formed b y the

follo wing no des: < g ! r ! t ! q ! n ! m ! e > . An imp ortan t observ ation

is that the critical wire crossing can b e greater than the total wire crossing. A wire

crossing ma y b e coun ted m ultiple times if it b elongs to a path that crosses itself.

Compacted Reordered Optimized

TWL [62.40, 63.22] [47.53, 49.12] [33.08, 33.51 ]

62.81, 2.03 48.33, 3.96 33.30, 1.08

CWL [ 20.81, 21.09] [17.17, 17.51 ] [ 11.31, 11.90]

20.91, 0.49 17.35, 0.81 11.61, 1.45

TW C [23.70, 24.81] [ 2.30, 2.65 ] [ 2.30, 2.65 ]

24.26, 2.78 2.48, 0.89 2.48, 0.89

CW C [20.40, 20.99] [ 2.91, 3.22] [ 2.91, 3.22]

20.70, 1.486 3.07, 0.76 3.07, 0.76

A WD [ 2.87, 2.91] [ 2.31, 2.43] [ 1.11, 1.14 ]

2.89, 0.12 2.37, 0.29 1.13, 0.07

Width [11.61, 11.75] [9.95, 10.30] [ 6.34, 6.43]

11.68, 0.34 10.13, 0.87 6.39, 0.20

Heigh t [ 4.20, 4.20] [4.20, 4.20 ] [4.20, 4.20]

4.20, 0.00 4.20, 0.00 4.20, 0.00

Area [ 48.79, 49.36] [41.81, 43.27] [ 26.66, 27.01]

49.07, 1.42 42.54, 3.66 26.83, 0.87

FTS [ 2.00, 2.00 ] [ 2.00, 2.00 ] [ 2.00, 2.00]

2.00, 0.00 2.00, 0.00 2.00, 0.00

T able 1.2: Summary of results for the isomorphic class of s27 .

One could argue that the results in T able 1.1 could b e fortuitous, since case-b y-case
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ev aluations, ho w ev er detailed, of a few unrelated b enc hmark circuits are not lik ely

to rev eal a set of statistically consisten t results [40]. W e rep eat the same exp erimen t

with Class D of s27 , i.e. the isomorphic class, and observ e similar results. These

results are summarized in T able 1.2.

W e rep ort the 95% con�dence in terv al, the mean and the standard deviation for

100 circuits no w. Observ e that the trend exhibited in T able 1.1 are con�rmed in

T able 1.2. W e see signi�can t impro v emen ts in all these �gures of merit in subsequen t

phases. An imp ortan t observ ation is that for this particular circuit, reordering the

netlist has an e�ect on the outcome of TOCO . In the �nal optimized phase, the standard

deviations for most parameters is non-zero.

W e will refer to this table and the �gures again in Chapter 3, when w e formally

de�ne these parameters.

1.7 Thesis Outline

This thesis is organized as follo ws.

Chapter 1 in tro duces motiv ation for this researc h and pro vides illustrativ e descrip-

tions of issues and tec hniques that will b e expanded in the b o dy of this thesis.

Chapter 2 giv es a bibliographic o v erview of the related w ork in placemen t sc hemes

and wire crossing minimization tec hniques.

Chapter 3 in tro duces v arious notations and de�nitions. It describ es the mo del that

is used in this thesis and the v arious �gures of merit that are sough t to b e

optimized.

Chapter 4 describ es the ma jor con tribution of this thesis, the TOCO placemen t sc heme.

W e describ e the v arious phases of the sc heme and the algorithms that are used
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in eac h phase.

Chapter 5 con tains exp erimen ts that ha v e b een carried out with the sc heme.

Chapter 6 presen ts conclusions and directions for future researc h.

W e include the follo wing app endices:

App endix A pro vides a self con tained explanation of some k ey concepts used through-

out this thesis.

App endix B con tains data for additional exp erimen ts.

App endix C presen ts a placemen t ev aluator.
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Chapter 2

Related W ork

In ro w-based cell placemen t, the cost function that con tin ues to dominate researc h

relates mostly to total wire length. Algorithms that use wire length as a cost func-

tion include approac hes as div erse as sim ulated annealing [5, 6, 7, 8], quadrisection

[9, 3, 10 ] and recursiv e and quadratic programming [11, 12, 13 , 14, 15 , 16, 17 , 18].

Comparisons b et w een di�eren t wire length ob jectiv es are presen ted in [19, 20]. Mo d-

els and algorithms for accurately estimating the a v erage in terconnect length for b oth

random and optimized placemen ts ha v e b een presen ted in [21]. Abstract placemen t

mo dels, suc h as presen ted in [22], also aim to minimize the c hannel densit y .

Crossing theory has b een dev elop ed to impro v e the readabilit y of hierarc hical

structures [23 ]. The problem for placing the no des for minim um wire crossing is NP-

complete [24], ev en for 2-la y er graphs. Sev eral heuristics { barycen ter [25], median

[27], assignmen t [28] { ha v e b een prop osed to minimize the wire crossings. A surv ey

of exact and heuristic algorithms is a v ailable in [30].

In this c hapter w e presen t a bibliographic o v erview of v arious placemen t sc hemes

that are a v ailable in literature. W e will presen t o v erviews of metho ds whic h emplo y

quadrise ction , quadr atic and r e cursive pr o gr amming and simulate d anne aling . W e also

presen t a brief o v erview of the v arious wire crossing minimization heuristics.
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2.1 Placemen t Sc hemes

In this section, w e review v arious placemen t sc hemes.

2.1.1 P artitioning Based Placemen t

T raditional iterativ e partitioning approac hes start with an initial solution and mak e

a series of p asses . Eac h pass iterativ ely determines the mo v e of one or more cells

whic h ac hiev e the b est p ossible gain in the partitioning ob jectiv e. After all cells ha v e

b een mo v ed in a giv en pass, the b est solution seen during the en tire pass is selected.

The next pass b egins with the selected solution. The pro cess terminates when a lo cal

minim um is reac hed, i.e., the curren t pass do es not impro v e the ob jectiv e.

The protot yp e iterativ e heuristic is that of Kernighan and Lin (KL) [41], whic h

uses a pair-sw ap mo v e structure. During eac h pass, ev ery cell is mo v ed exactly once

b et w een partitions. A t the b eginning of the pass, all cells are \unlo c k ed", i.e., free to

b e sw app ed. Iterativ ely the pair of unlo c k ed cells with the highest gain are sw app ed.

After the selected cells are sw app ed, they b ecome \lo c k ed" and the algorithm up dates

b oth the cost of the new partition and the gains of the remaining unlo c k ed cells.

After all cells are lo c k ed, the lo w est-cost partition encoun tered o v er the en tire pass

is restored and returned. F urther passes are executed, eac h using the result from the

previous pass as its starting p oin t, un til there is no further impro v emen t. Computing

gains in this heuristic is exp ensiv e { O ( n

2

) sw aps are ev aluated b efore ev ery mo v e,

resulting in a complexit y p er pass of O ( n

2

� log n ). The metho d of Fiduccia and

Matheyses (FM) [42 ] reduces the time p er pass to linear in the size of the netlist b y

adopting a single-cell mo v e structure, and a gain bucket data structure that allo ws

constan t-time selection of the highest-gain cell and fast gain up dates after eac h mo v e.

Min-cut Placemen t. Placemen t b y recursiv e partitioning is based on rep eated divi-
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sion of a giv en circuit in to sub-h yp ergraphs to optimize a giv en partitioning ob jectiv e.

With eac h partitioning of the circuit, the giv en la y out area is partitioned in either the

horizon tal or the v ertical direction. Eac h sub-h yp ergraph is assigned to a partition.

When eac h sub-h yp ergraph has exactly one cell, then eac h cell will ha v e b een mapp ed

to a unique p osition on the device. Most mo dern partitioning based placers use some

form of KL-FM partitioning heuristic with the minim um net-cut ob jectiv e. V arious

metho ds ha v e b een used to impro v e min-cut placemen t, the most imp ortan t b eing

quadrise ction and terminal pr op agation .

Quadrisection. The main dra wbac k of top-do wn mincut bipartitioning us that it

can greedily obtain v ery go o d results in the �rst cut, but bad results in the subsequen t

cuts. The placemen t problem is essen tial t w o-dimensional. Quadrisection based di-

vision [3, 9 , 10 ] yields a t w o-dimensional placemen t pro cedure with results whic h are

sup erior to those of top-do wn bipartitioning placemen t. In this metho d, an extension

of the FM heuristic, whic h also runs in linear time p er pass, is used. Since a cell in

one quadran t can b e mo v ed to an y of the other three quadran ts, there are 12 gain

buckets , eac h corresp onding to a pair of quadran ts. A t eac h step, a cell with highest

gain is selected. A more accurate cost function, whic h considers di�eren t horizon tal

and v ertical w eigh ts is used.

When partitioning a circuit in to sev eral parts, it is not su�cien t to consider only

the netlist induced o v er the mo dules in the sub-circuit. Nets connecting to external

IO pads or other cells or other partitions m ust also b e considered. An adv ance made

in [43 ] prop osed the terminal pr op agation tec hnique whic h adds to the curren t netlist

dummy c el ls that are �xed in appropriate partitions.

Recen t Adv ances in Quadrisection. In [44 ], a new top-do wn quadrisection-based

global placer for standard-cell la y out is prop osed. The k ey con tribution here is a
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new general gain up date sc heme for partitioning that can exactly capture detailed

placemen t ob jectiv es on a p er-net basis. This approac h handles instances with mixed


oating and �xed pads, or ev en without pads at all. Also, terminal propagation is

not required, ev en though external connectivit y from external blo c ks is considered.

2.1.2 Sim ulated Annealing Based Placemen t

Sim ulated annealing is p erhaps the most w ell dev elop ed and widely used iterativ e

tec hnique for solving sev eral com binatorial optimization problems [45 ]. It is an adap-

tive heuristic and b elongs to the class of non-deterministic algorithms. The sim ulated

annealing heuristic deriv es inspiration from the pro cess of carefully co oling molten

metals in order to obtain a go o d crystal structure

The core of the sim ulated annealing algorithm is the Metr op olis pro cedure whic h

sim ulates the annealing pro cess at a giv en temp erature T . The sim ulated annealing

algorithm simply in v ok es Metr op olis at v arious decreasing temp eratures. The sim u-

lated annealing algorithm can b e mo di�ed for cell placemen t b y c ho osing a suitable

p erturb function to generate a new placemen t con�guration., and b y de�ning a suit-

able ac c ept function. A simple neigh b or function is the pairwise in terc hange where

t w o slots are c hosen and their con ten ts sw app ed. Other sc hemes to generate neigh-

b oring states include displacing a randomly selected cell to a random lo cation, the

rotation and mirroring of cells, or an y other mo v e that causes a c hange in the wire

length. Let 4 h = C ost ( N ew S ) � C ost ( S ) b e the c hange in estimated wire length due

to a sw ap where C ost ( S ) is the old wire length and C ost ( N ew S ) is the wire length

after p erturbation. In sim ulated annealing, the sw ap is accepted if 4 h < 0 or if the

cost acceptance function ( r andom < e

4 h=T

) is true, where r andom is a uniformly

generated random n um b er b et w een 0 and 1, and T is the curren t temp erature.
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Tim b erW olf. W e discuss the placemen t algorithm used in [6]. Based on the input

data and parameters supplied b y the user, Tim b erW olf constructs a standard cell

circuit top ology . These parameters in conjunction with the total width of the standard

cells to b e placed, enable it to compute the initial p osition and the target lengths

of the ro ws. Macro blo c ks are placed next, follo w ed b y placemen t of pads. P ads

and macro blo c ks retain their initial p ositions and only the placemen t of standard

cells is optimized. F ollo wing initial placemen t, the algorithm p erforms placemen t and

routing in three distinct stages. In the �rst stage, cells are placed so as to minimize the

estimated wire length. In the second stage, feedthrough cells are inserted as required,

wire length is minimized and global routing is done. In the third stage, lo cal c hanges

are made in the placemen t to reduce the n um b er of wiring trac ks required.

The ob jectiv e function whic h Tim b erW olf attempts to minimize during placemen t

is the estimated in terconnect cost. The purp ose of the �rst stage is to �nd a placemen t

of the standard cells suc h that the total estimated in terconnect is minimized.

Recen t adv ances in placemen t based on sim ulated annealing. The recen t

v ersion of Tim b erW olf [8] in tro duces an impro v ed approac h to sim ulated annealing.

In the mo di�ed approac h, a new state generator and a new incremen tal cost function

is used. The placemen t algorithm is hierarc hical with t w o stages: clustering and

plac ement . In the clustering stage, the input net w ork is condensed and hierarc hically

clustered in to v arious lev els of netlists. After the hierarc hical netlists ha v e b een

generated, the placemen t stage uses the new approac h to sim ulated annealing to

place the condensed, clustered net w ork. In this implemen tation, the original circuit

is clustered in to three lev els of hierarc h y . The top lev el netlist is placed in the high

temp erature regime. Placemen t for the second lev el netlist tak es place in the middle

temp erature regime. Finally the placemen t of the b ottom lev el netlist tak es place in
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the lo w temp erature regime.

2.1.3 Numerical Metho ds

The placemen t problem can also b e transformed in to a n umerical optimization prob-

lem. In this section, w e presen t some of the n umerical metho ds used to address

placemen t.

Placemen t based on resistiv e net w ork optimization. A constructiv e placemen t

metho d based on resistiv e net w ork optimization is prop osed in [17 ] . The ob jectiv e

function used is the sum of the squared wire length. The metho d is based on using

a net w ork analogy to attac k la y out problems. The ob jectiv e function has the same

form as the inde�nite admittance matrix of a n -terminal linear passiv e net w ork. The

co ordinate of eac h mo del is mo deled as a no de v oltage and the problem is transformed

in to that of minimizing the p o w er dissipation in a linear passiv e resistiv e net w ork.

Sparse matrix tec hniques can b e used to solv e a linear passiv e resistiv e net w ork.

The metho d is divided in to subproblems of optimization, scaling, relaxation, and

partitioning and assignmen t, the idea b eing to solv e a simple optimization problem

rep eatedly and in the pro cess, assigning the mo v able mo dules in to slots.

The quadratic programming approac h. Using a geometric mo del and a matrix

inner pro duct tec hnique, partitioning and placemen t are sho wn to b e mathematically

equiv alen t in [16 ]. Dep ending on whether the cost measure is based on Manhattan or

Euclidean distance, the problem can b e tac kled using either a linear programming or

quadratic programming approac h. The basic idea of the approac h is that it iterativ ely

replaces the high-order nonlinear constrain ts with linear constrain ts and approac hes

the global optim um.
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Recen t n umerical metho ds. A linear wire length ob jectiv e is prop osed in [18].

A squared wire length ob jectiv e has b een emplo y ed in earlier w ork b ecause it allo ws

the one-dimensional placemen t problem to b e reduced to the solution of a system

of linear equations. Tw o suc h placemen ts, in the x and y directions, induce a t w o-

dimensional global placemen t. Ho w ev er, this ob jectiv e tends to o v er-p enalize long

wires and under p enalize short wires. Th us, a strongly connected cluster ma y b e

spread out o v er the placemen t, increasing congestion for the router. The GORDIAN-

L cell placemen t to ol [13] minimizes the linear wire length b y �rst appro ximating

the linear wire length ob jectiv e b y a mo di�ed squared wire length ob jectiv e function.

Then the follo wing lo op is executed:

1. minimize the curren t ob jectiv e to yield some appro ximate solution, and

2. use the resulting solution to construct a more accurate ob jectiv e.

2.2 Wire Crossing Minimization

In this section w e giv e a brief o v erview of some of the existing wire crossing mini-

mization heuristics. A surv ey of exact and heuristic tec hniques to solv e this problem

is a v ailable in [30].

Consider a k-layer e d network , i.e., a graph G = ( V ; E ) = ( V

1

; V

2

; : : : ; V

k

; E ) with

v ertex sets V

1

; : : : ; V

k

; V = V

1

[ V

2

[ : : : V

k

; V

i

\ V

j

= ; for i 6= j , and an edge set

E connecting v ertices in lev els V

i

and V

j

with i 6= j (1 � i; j � k ). V

i

is called the

i-th layer . A k -la y ered net w ork is dra wn in suc h a w a y that the v ertices in eac h la y er

V

i

are dra wn on a v ertical line L

i

with x -co ordinate i , and the edges are dra wn as

straigh t lines. Essen tially a k -la y ered net w ork is a k -partite graph that is dra wn in a

sp ecial w a y .
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Ev en for 2-la y ered graphs, the straigh t line crossing minimization problem is NP-

hard [24 ]. In practice, the crossing minimization problem for k -la y ered net w orks is

reduced to a series of 2-la y er crossing minimization problem problems in the follo wing

w a y . F or i = 1 ; 2 ; : : : ; k � 1, the 2-la y er crossing minimization problem for t w o adjacen t

la y ers L

i

and L

i +1

with L

i

�xed, p erm uting the v ertices on la y er L

i +1

. Then, in a

bac kw ard tra v ersal, the la y er L

i

is �xed and the v ertices in the la y er L

i � 1

are p erm uted

for i = k ; k � 1 ; : : : ; 2. The heuristics consists of rep eating these t w o lo ops un til no

impro v emen t is obtained. The 2-la y er crossing minimization with the order of one

la y er �xed is also NP-hard [27]. In [30], an algorithm using a branc h and b ound

tec hnique is emplo y ed to compute the exact minima for this problem.

One sided crossing minimization. The barycen ter metho d [25 ] and the median

metho d [27] are the most p opular heuristics. They are also called \a v eraging heuris-

tics", since they simply compute the \a v erage p osition", i.e. the barycen ter or the

median for eac h v ertex and sort the v ertices according to these n um b ers.

The sto c hastic heuristic [46], originally designed for p erm uting b oth la y ers, gen-

erates a series of assessment numb er matric es while greedily placing a v ertex in la y er

1 or la y er 2. The assessmen t n um b ers are based on some frequency n um b ers arising

from sto c hastic considerations on the complete bipartite graph.

The greedy-insert heuristic [47] pro ceeds b y successiv e c ho osing the next v ertex

v to b e the one whic h minimizes the n um b er of crossings that edges adjacen t to v

mak e with edges adjacen t to the v ertices ab o v e v . P assing o v er all consecutiv e pairs

if v ertices, a switc h is made it w ould decrease the crossings.

The assignmen t heuristic [28 ] reduces the problem to an assignmen t problem,

where the en tries in the assignmen t matrix are computed based on the adjacency

matrix and on a four dimensional matrix represen ting the complete bipartite graph.
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W e ha v e conducted extensiv e exp erimen ts with 2-la y ered net w ork with the most

promising of the ab o v e men tioned metho ds { the barycen ter and the median metho ds

{ and ha v e found a v arian t of the median heuristic [29] to b e b est suited to our

problem. A more detailed discussion on these heuristics is presen ted in Chapter 4.

2.3 Wire Crossing and Ph ysical Design

Most of the placemen t sc hemes review ed here use some estimate of the wire length as

the ob jectiv e. In con trast, crossing minimization tec hniques ha v e only b een applied

to placemen t in the abstract form. The crossing n um b er and wire area ha v e b een

in v estigated to �nd lo w er b ounds on the la y out area and the maxim um edge length of

a v ariet y of computationally useful net w orks. In [32 ], it w as sho wn that the crossing

n um b er can giv e go o d lo w er b ound on the la y out area of man y graphs. These b ounds

w ere based on a the Thompson grid-mo del [33 ].

In [22], the placemen t problem that minimizes the c hannel densit y in a standard

cell la y out is considered. The problem is formalized as a mincut arrangemen t problem

for a giv en bipartite graph G = ( A; B ; E ) where the v ertices of A and B are placed

on t w o di�eren t ro ws. A p olynomial time algorithm for a restricted v ersion of the

algorithm is presen ted.

The problem of \prop erly" distributing the set of crossings among the regions,

giv en a global routing has b een studied in [34]. The authors presen t a p olynominal

time algorithm that �nds a net ordering at eac h b oundary so as to minimize the total

n um b er of crossings.

Recen t studies ha v e sho wn imp ortan t relationships b et w een bipartite dra wings

and the linear arrangemen t problem. In [35], it is sho wn that for certain graphs, the

optimal n um b er of crossings has the same order of magnitude as the optimal linear
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arrangemen t v alue times the arb oricit y of the graph. Appro ximation algorithms for

computing the bipartite crossing n um b er are also presen ted.
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Chapter 3

Notation and De�nitions

In order to apply an algorithm to a real problem, the problem m ust b e transformed

in to an abstract mo del. Abstraction replaces an ob ject with a simpli�ed mo del that

de�nes the in teraction of the ob ject with its en vironmen t. The details of in ternal

organization are deleted. This pro cess reduces the amoun t of data for the problem,

adds structure to the problem and mak es it easier to solv e. After the algorithm is

applied in the abstract domain, the abstract results m ust b e transformed bac k in to

the real domain.

F or the placemen t problem, the imp ortan t asp ects of the circuit that m ust b e mo d-

eled are the circuit elemen ts and the in terconnection. The traditional graph-based

mo dels of a directed netlist are not e�ectiv e for the problem w e w an t to consider.

These mo dels consist of v ertices represen ting cell no des and edges represen ting the

connections b et w een cell no des. They do not tak e in to accoun t imp ortan t consider-

ations lik e a cell b eing b ound to a particular lev el and the existence of c hannels for

routing. On the other hand, a mo del of a netlist as a directed h yp ergraph is not

unique.

W e in tro duce our mo del in this section, en umerate the elemen ts of a grid r e gion ,

discuss some of its prop erties and de�ne the �gur es of merit that w e measure.
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3.1 A Grid Region

Our graph mo del consists of alternating sets of net no des and cell no des. The em-

b edding of this graph in a m ulti-lev el format captures the constrain t of a cell b eing

b ound at a particular lev el and the net no des represen t an abstract form of the routing

information. A k � l ev el bipartite graph is equiv alen t to a (2 k + 1) � l ay er net w ork

describ ed in Chapter 2.2. The order of the cell no des and net no des in an y lev el

and the c el l channel to whic h they b elong determines the qualit y of a placemen t.

The imp ortan t items in this w ork are the notion of cell lev el, lev els of net pins, and

netsp an

1

.

The c anonic al form of a bip artite dir e cte d gr aph , a m ulti-lev el graph structure

of alternating sets of net no des and cell no des, is a simple transformation of the

underlying netlist: lev els of some of its pins are rede�ned, and a new t yp e of cell

no de, a fe e dthr ough c el l is in tro duced [36].

Our graph consists of a grid, whic h is further divided in to grid r e gions . Figure 3.1

relates to the de�nitions of a grid region R ( i; j ). Eac h grid region con tains cell no des

and net no des. The v ertical cen ter-line of eac h region is called a mid-line se gment and

is either fr e e or o c cupie d . A mid-line segmen t can either b e o ccupied b y a single logic

no de, a single logic no de and an y n um b er of feedthrough no des, or an y n um b er of

feedthrough no des. The region is b ounded on the left and the righ t b y v ertical lines

called net sep ar ator se gments . Eac h net separator segmen t is de�ned to ha v e heigh t

1. W e index net no des of the region either with net separator segmen t i � 1 or net

separator segmen t i . The region R ( i; j ) is b ounded on the top and the b ottom b y c el l

sep ar ator se gments , j � 1 and j . W e call the left half of a cell separator a net-to-c el l

1

F or eac h net, netspan = p

max

� p

min

, where the t w o n um b ers denote the maxim um and the

minim um pin lev el of the net
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Figure 3.1: Elemen ts of grid region R ( i; j ).

sep ar ator se gment , the righ t half a c el l-to-net sep ar ator se gment . Eac h is de�ned to

ha v e a width of 0 : 5. A c el l sep ar ator , addressed with j , is a union of cell separator

segmen ts whic h form the lo w er b oundary of grid regions R ( i; j ) ; i 2 [0 ; i

max

]. A mid-

line is a union of mid-line segmen ts in grid regions R ( i; j ) ; j 2 [0 ; j

max

]. Eac h mid-line

segmen t is addressed b y the index of the adjacen t net separator on its righ t and the

adjacen t cell separator b elo w. A cell region con tains t w o wiring half c hannels { one

de�ned b y net no des at lev el ( i � 1) and cell no des at lev el i , and the other de�ned

b y cell no des at lev el i and net no des at lev el i . It is clear that only edges b elonging

to the same wiring half c hannel can cross.

3.2 Elemen ts of Grid Region R ( i; j ) .

1. Tw o cell separator segmen ts, sho wn in Figure 3.1 b y dotted lines. One is at the

b oundary of grid regions R ( i; j � 1) and R ( i; j ) and the other at the b oundary
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of grid regions R ( i; j ) and R ( i; j + 1).

2. An arra y of net no des of t yp e B. The k

th

elemen t of this arra y is lab eled

( i � 1 ; j; k )

B

.

3. An arra y of cell no des and feedthrough no des of t yp e A. The k

th

elemen t of

this arra y is lab eled ( i; j; k )

A

.

4. An arra y of net no des of t yp e B, the k

th

elemen t of whic h is lab eled ( i; j; k )

B

.

5. Edges connecting the no des in the region.

3.3 Prop erties of Grid Region R ( i; j ) .

P1 In eac h grid region R ( i; j ), there is at most one cell no de.

P2 F or a cell in R ( i; j ), there could b e sev eral p ermissible orien tations. Eac h orien-

tation de�nes the order of the pins of the cell.

P3 It is p ossible to deriv e consisten t co-ordinates for eac h pin of a no de using its

lab el and orien tation. F or an edge e = ( u; v ), w e de�ne y ( u ) and y ( v ) as the

co-ordinates of the pins it connects.

P4 The cell separators in a c hannel induce pseudo-edges. W e can use this prop ert y

to calculate wiring densit y . These pseudo-edges connect no des whic h are at

the in tersections of cell separators and mid-lines, and cell separators and net

separators. The co-ordinates for these no des are deriv ed consisten tly with

those of other no des.

P5 The length of eac h edge e , whic h connects no des ( i

1

; j

1

; k

1

)

A

and ( i

2

; j

2

; k

2

)

B

is
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de�ned and ev aluated as:

l en ( e ) = 0 : 5 + j j

1

� j

2

j (3.1)

P6 Let e

1

= ( u

1

; v

1

) and e

2

= ( u

2

; v

2

) b e edges in the same wiring half c hannel. W e

de�ne a function cr oss ( e

1

; e

2

) as follo ws:

cr oss ( e

1

; e

2

) =

(

1 if ( y ( u

1

) � y ( u

2

))( y ( v

1

) � y ( v

2

)) < 0

0 otherwise

(3.2)

The wire crossing n um b er for eac h edge e , is de�ned as follo ws:

w c ( e ) =

X

e

1

2 T ( e )

cr oss ( e; e

1

) (3.3)

where T ( e ) is the set of all edges in the same wiring half c hannel as e .

3.4 Figures of Merit

In this section, w e de�ne the v arious �gures of merit that are calculated for an y

placemen t. Let E b e the set of edges.

T otal wire length is the sum of the wire length con tribution of eac h edge.

w l tot =

X

e 2 E

l en ( e ) (3.4)

Critical wire length is the length of the longest path starting at an y primary in-

put and ending at a primary output. F or the purp ose of critical wire length

calculation, the output of ev ery 
ip 
op is coun ted as a primary input, and the

input of ev ery 
ip 
op is coun ted as a primary output. This is done in order

to break an y cycles that migh t exist in the netlist.

w l cr i = M ax

( u

1

2 I ;u

N

2 O )

f

N � 1

X

i =1

l en ( u

i

; u

i +1

) g (3.5)
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where I is the set of primary inputs including outputs of all 
ip 
ops, O is the

set of primary outputs including inputs of all 
ip 
ops and ( u

i

; u

i +1

) 2 E .

T otal wire crossing is the total n um b er of crossings in the placemen t.

w c tot =

1

2

X

e 2 E

w c ( e ) (3.6)

The

1

2

factor is due to the fact that eac h crossing is coun ted exactly t wice, once

for eac h of the t w o edges that pro duce it.

Critical wire crossing is the maxim um n um b er of crossings that app ear on an y

path from an input to an output. Considerations that apply to the calculation

of critical wire length also apply here.

w c cr i = M ax

( u

1

2 I ;u

N

2 O )

f

N � 1

X

i =1

w c ( u

i

; u

i +1

) g (3.7)

Wiring densit y for a wiring half c hannel C , and a cell separator s , is the n um b er

of edges that cross s in c hannel C .

w d ( C ; s ) =

X

e 2 E ( C )

cr oss ( s; e ) (3.8)

where E ( C ) is the set of edges in c hannel C .

Critical wiring densit y for a half c hannel C (cell-to-net or net-to-cell) is the max-

im um n um b er of edges that cross an y cell separator in that c hannel.

w d cr i ( C ) = M ax

s 2 S

( w d ( C ; s )) (3.9)
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T otal wiring densit y for a placemen t P is the sum of the critical wire densities for

all the c hannels.

w d tot ( P ) =

X

C 2C

w d cr i ( C ) (3.10)

where C is the set of all the half c hannels in the placemen t.

Av erage wiring densit y for a placemen t P , is the mean of the critical wire densities

for all the c hannels.

aw d ( P ) =

w d tot ( P )

jC j

(3.11)

Width of a c hannel C is de�ned as

w idth ( C ) = 1 + 0 : 5( w d cr i ( C )) (3.12)

Width of the placemen t P is the sum of the widths of all the c hannels.

p w idth ( P ) =

X

C 2C

w idth ( C ) (3.13)

Heigh t of a midline M is de�ned as

heig ht ( M ) = c ( M ) + 0 : 1 f ( M ) (3.14)

where c ( M ) is the n um b er of cell no des in the midline, and f ( M ) is the n um b er

of feedthrough no des in the midline. The 0 : 1 factor is empirical.

Heigh t of a placemen t P is the maxim um heigh t of an y midline.

p heig ht ( P ) = M ax

M 2M

f heig ht ( M ) g (3.15)

where M is the set of all midlines in the placemen t.

Area of a placemen t P is the pro duct of its heigh t and width.

Ar ea ( P ) = p heig ht ( P ) � p w idth ( P ) (3.16)
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Chapter 4

TOCO Placemen t Sc heme

Plac ement is the pro cess of arranging the circuit comp onen ts on a la y out surface.

Giv en a collection of cells with p orts on the b oundaries, the dimensions of these cells,

and a collection of nets, the pro cess of placemen t consists of �nding suitable ph ysical

lo cations for eac h cell in the en tire la y out. By suitable w e mean those lo cations that

minimize giv en ob jectiv e functions. F or large problems,the solution space is to o large

to p ermit en umerativ e tec hniques. It is therefore natural to turn to go o d heuris-

tic te chniques , whic h require p olynomial-time execution and �nd `go o d' solutions.

Curren t solutions to the placemen t problem in v olv e tec hniques lik e partitioning[3 ],

recursiv e and quadratic programming [11 , 12 , 13, 14 , 16 , 15, 18, 20 ] , and sim ulated

annealing [6, 8, 7], eac h optimizing a di�eren t cost function. Go o d placemen t is a k ey

asp ect of automatic la y out, since it directly determines the in terconnection wiring for

the circuit. In previous c hapters, w e ha v e presen ted a case for a placemen t sc heme

whic h minimizes two crossing n um b ers.

In this c hapter, w e presen t TOCO , a placemen t sc heme that optimizes the total wire

crossing and the a v erage wire densit y in a bipartite mo del of the placemen t. W e start

with a brief o v erview of the sc heme and then elab orate on eac h phase of the sc heme.

The highligh t of this c hapter is our algorithm for optimal c el l sep ar ator generation.
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4.1 Ov erview

The acron ym TOCO is based on the four steps of the prop osed placemen t sc heme:

T op ological sort that places net no des and cell no des on the unit-size grid in lev el

order, O ptimization of lev el order placemen t for minimized total wire crossing sub ject

to the lev el order, C ompaction and folding of the lev el-order placemen t, and �nally

O ptimization of compacted placemen t for minimized total wire crossing sub ject to the

lev el order after compaction, and minimized total wire densit y , sub ject to order for

minimized total wire crossing.

Compaction

Wire crossing minimization

Topological Sort

Netlist

Final Optimization

Figure 4.1: The TOCO 
o w.
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Figure 4.1 illustrates the basic TOCO 
o w.

1. The �rst phase of TOCO uses the canonical form [36 ] to decide the lev el whic h

eac h cell no de o ccupies. The transformation of the netlist in to a m ulti-lev el

bipartite graph is an imp ortan t part of TOCO . The lev els corresp ond to a ro w

in ro w-based placemen t, a cell assigned a lev el i in the graph is placed in ro w

i in the placemen t. Relev an t details of the canonical form can b e found in the

App endix.

2. In the next phase, a wire crossing minimization tec hnique is emplo y ed to reduce

the total wire crossing in the graph.

3. In the c omp action phase, the cells are reassigned lev els, so that eac h ro w has

the same n um b er of cells.

4. Tw o �nal optimizations are p erformed:

P1 Minimize the total wire crossing in the bipartite form em b edding of the

graph. Net no des and cell no des are constrained to the lev els assigned to

them b y the compaction step.

P2 Minimize the total wire densit y in the bipartite form em b edding of the

graph. Net no des and cell no des are constrained to lev els and the order

assigned to them b y the preceding wire crossing minimization phase. Wire

crossing remains unc hanged in this phase, only the total wire densit y is

reduced.

During the v arious phases of TOCO a com bination of existing tec hniques { those

for canonical form generation and wire crossing minimization { and new tec hniques

{ the compaction and cell separator assignmen t phase { are emplo y ed.
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4.2 Canonical F orm and Crossing Minimization

TOCO mak es uses of existing tec hniques for the initial placemen t and wire crossing

minimization. In this section, w e describ e these metho ds.

4.2.1 Canonical F orm Generation

This pro cess en tails casting the giv en netlist in to a m ulti-lev el bipartite represen tation

called the c anonic al form . Details of this pro cess can b e found in the App endix. F or

a sequen tial circuit, this in v olv es �nding the minimal feedbac k v ertex set follo w ed b y

a top ological sort [48 ].

4.2.2 Wire Crossing Minimization

Wire crossing minimization is carried out t wice in TOCO . The �rst time after the initial

placemen t and the second time after the compaction. A t b oth these stages, the lev els

assigned to cell no des and net no des is main tained. Their order within the lev el is

c hanged so as to minimize the total wire crossing in the m ulti-lev el em b edding of the

graph.

F rom our exp erimen ts with v arious wire crossing minimization heuristics, w e ha v e

found that DOT [29], whic h is an impro v emen t on the median heuristic [26, 27] p erforms

b est for our problem.

Sev eral imp ortan t wire crossing minimization heuristics are based on the follo wing

sc heme �rst suggested in [23 ]. An initial ordering at eac h lev el is computed. Then

a sequence of iterations is p erformed to try to impro v e the orderings. Eac h iteration

tra v erses from the �rst lev el to the last, or vice v ersa. When visiting a lev el, eac h of

its no des is assigned a w eigh t based on the relativ e p ositions of its inciden t no des on

the preceding lev el. Then the no des are reordered b y sorting on these w eigh ts.
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Let v b e a no de and P the list of p ositions of its inciden t no des on the appropriate

adjacen t lev el. Note that the p osition of an adjacen t no de is only its ordinal n um b er

in the curren t ordering. The median metho d de�nes the w eigh t of v as the median of

the elemen ts in P . When the n um b er of elemen ts in P is ev en, there are t w o medians.

This giv es rise to t w o median metho ds: alw a ys using the left median, and alw a ys using

the righ t median. The median metho d ma y ha v e the theoretical adv an tage since it

has b een sho wn, for dense

1

graphs, that a median la y out of a t w o lev el graph has no

more than 3 times the minim um n um b er of crossing [27]. The ordering heuristic used

in DOT is a re�nemen t of the median metho d with t w o ma jor inno v ations. First, when

there are t w o median v alues, an in terp olated v alue biased to w ards the side where the

v ertices are more closely pac k ed, is used. The second impro v emen t uses an additional

heuristic to reduce ob vious crossings after the v ertices ha v e b een sorted, transforming

a giv en ordering to one that is lo cally optimal with resp ect to transp osition of adjacen t

v ertices. This t ypically pro vides an additional 20 � 50% reduction in wire crossings

[49].

4.3 Compaction and Cell Separator Assignmen t

In this section, w e describ e t w o algorithms whic h are the original con tributions of this

thesis. Compaction and cell separator assignmen t are imp ortan t phases of the TOCO


o w. W e en umerate these algorithms in detail.

1

In [27 ], a t w o la y ered net w ork G with n v ertices in eac h la y er, and e edges, is called dense if the

ratio

e

n

2

is close to 1. In con trast, this ratio ranges from 3 : 85 � 10

� 5

to 3 : 87 � 10

� 4

for the graphs

that w e encoun ter.
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4.3.1 Compaction

The lev els assigned to cell no des and net no des in the initial stage are dictated b y a

top ological sort. This leads to an unequal n um b er of cell no des at eac h lev el. The

compaction pro cess tak es as a parameter, the n um b er of ro ws that the placemen t

should ha v e and redistributes the cell no de and net no des. If N is the n um b er of

cell no des (excluding feedthroughs), and R the n um b er of ro ws required in the �nal

placemen t, then the compaction phase assigns a c ap acity to eac h lev el i as:

cap ( i ) =

8

<

:

d

N

R

e if 1 � i � mod ( N ; R )

b

N

R

c otherwise

(4.1)

The capacit y of a lev el de�nes the n um b er of cell no des (excluding feedthroughs)

that it will ha v e in the �nal placemen t.

The compaction pro cess consists of the follo wing steps:

S1 Remo v e all feedthroughs. The role of feedthroughs in our graph mo del is to route

nets that span more than one lev el. Since the cell no des are redistributed b y

the compaction phase, all feedthroughs are remo v ed initially .

S2 F or eac h lev el l , let C ( l ) b e the set of no des at lev el l . If C ( l ) exceeds its capacit y

cap ( l ) ; then j C ( l ) j � cap ( l ) no des are mo v ed to the next lev el using the follo wing

rule. Let C ( l ) b e the set of cell no des in lev el l . The w eigh t w ( u ) of eac h cell

u 2 C ( l ) is calculated as:

w ( u ) =

P

v 2 D ( u )

( l ev el ( v ) � l ev el ( u ))

j D ( u ) j

(4.2)

where D ( u ) is the set of all in the inputs and outputs of u , and l ev el ( v ) refers

to the lev el of a cell v . Note that the w eigh t of a cell can b e negativ e. The
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cells with the greater w eigh t are mo v ed �rst. If t w o cells ha v e equal w eigh t,

the cell whic h has lo w er ordinal n um b er in the wire crossing optimized form

is c hosen to b e mo v ed. Eac h cell mo v ed is `pushed' on to the top of the next

lev el.

S3 If the n um b er of cell no des in a lev el l is less than its capacit y cap ( l ), then

cap ( l ) � j C ( l ) j no des from subsequen t lev els are mo v ed in to lev el l . Again the

w eigh t of cells in subsequen t lev els is calculated as in Equation (4.2). No w,

the cells with the lesser w eigh t are mo v ed �rst and to break a tie b et w een t w o

cells ha ving equal w eigh t, the lev el of the cell follo w ed b y their order in the

wire crossing optimized form is used. Eac h cell mo v ed is `app ended' to the

b ottom of the curren t lev el.

S4 Finally feedthroughs are inserted for nets that span more than one lev el. In

con trast to the canonical form, a cell no de is used to route a net if the net

no des is an input of the cell no de. A feedthrough is not inserted in this case.

The compaction pro cedure can b e visualized as in Figure 4.2. A t an y stage of the

pro cedure, the curren t n um b er of cells in the lev el is compared with its capacit y . If

the capacit y exceeds the curren t n um b er of cells, then cells from subsequen t lev els

are mo v ed in to the the curren t lev el, dep ending on their w eigh ts. If the capacit y is

less than the curren t n um b er of cells, cells from the curren t lev el are mo v ed to the

next lev el, dep ending on their w eigh ts. This sc heme insures that after the compaction

pro cedure, all lev els will ha v e the requisite n um b er of cells.

Figure 4.3 sho ws a step in the compaction phase, when three cells from subsequen t

lev els need to b e mo v ed in to the curren t lev el. W eigh ts for cells in the subsequen t

lev el are calculated. The cells with the least w eigh t, o , r , and t , in that order are
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Figure 4.2: The compaction pro cess.
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mo v ed to the curren t lev el.

An ideal compaction pro cedure w ould minimize the n um b er of feedthroughs re-

quired directly . Our w eigh t function addresses this issue only indirectly . The com-

paction phase also has the limitation that it assumes that the heigh t of eac h cell is the

same and to main tain uniformit y in the heigh t of eac h lev el, it only tak es in to accoun t

the n um b er of cell no des in it. A c omp action phase that minimizes fe e dthr oughs and

takes into ac c ount the varying height of e ach c el l is a dir e ction for futur e work.

4.3.2 Cell Separator Assignmen t

The compaction pro cedure results in a placemen t in whic h the the n um b er of logic

no des in an y t w o lev els di�ers b y at most one. The pro cedure �xes the lev el whic h an y

cell no de will o ccup y . This placemen t is then optimized for wire crossing resulting in

a �xe d order of cell no des and net no des in ev ery lev el.

The next stage requires the generation of cell separators, whic h de�ne cell c hannels

to whic h a no de b elongs. An assignmen t of cell separators is called fe asible if it satis�es

the prop ert y that eac h grid region induced b y these cell separators con tains at most

one logic no de. An assignmen t of cell separators induces a wiring densit y for eac h

c hannel. W e wish to �nd an assignmen t whic h minimizes the total wiring densit y

across all the c hannels. Suc h an assignmen t is called optimum . Note that this en tails

minimizing w d tot ( P ), as de�ned b y Equation 3.10 in Chapter 3. The solution space

for this problem is large. W e solv e a mo di�ed v ersion of this problem: an assignmen t

is called optimal if it minimizes

P

s

P

C

w d ( C ; s ). Minimizing the second cost function

ma y not result in an optim um assignmen t. Ho w ev er, the solutions are obtained fast

and tend to reduce the parameters w e measure dramatically . A n e�cient algorithm

for obtaining optimum assignments is a dir e ction for futur e work.
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Figure 4.4(a) sho ws a feasible cell separator assignmen t for a simple graph. The

total wire densit y ( TWD ) for it is 17. Figure 4.4(b) sho ws an optimal cell separator

assignmen t for the same graph, with total wire densit y 12. W e use this �gure to

explain the cell separator assignmen t algorithm.

In order to solv e this problem, w e apply a transformation on the underlying bi-

partite graph G , to obtain m ultiple bipartite graphs G

i

, one for eac h cell separator

i . A shortest path �nding algorithm can then b e applied to obtain the optimal cell

separators.

4.3.2.1 T ransformation to Cell Separator Graph

W e describ e a transformation T whic h generates a bipartite graph whic h captures all

p ossible feasible solutions for a particular cell separator. The compaction pro cedure

ensures that the n um b er of logic no des at an y lev el will either b e N or N + 1. Consider

the cell separator i , whic h separates logic no des i and i + 1 at ev ery cell lev el. A t

cell lev el l , let f

l

b e the n um b er of feedthroughs b et w een these t w o logic no des. W e

describ e the pro cedure for obtaining the cell separator graph G

i

. As an example, G

is the graph in Figure 4.4(a) and i = 1.

The transformation consists of the follo wing distinct steps:

T 1 : In tro duce v ertices of t yp e A at eac h cell lev el. These v ertices denote the p ossible

in ter{cell spaces through whic h the cell separator i can pass. A t lev el l , with

f

l

feedthroughs f

l

+ 1 v ertices of t yp e A are in tro duced. W e lab el a v ertex

[ X ; Y ], where X is the feedthrough or cell no de that is directly ab o v e it, and

Y is the no de that is directly b elo w it.

F or example, in Figure 4.4(b), at lev el 1, a v ertex [ A; B ] is in tro duced b et w een

cells A and B as that is the only p ossible in ter{cell space through whic h cell
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Figure 4.4: Ov erview of cell separator assignmen t phase.

separator 1 can pass. A t lev el 3, since there is a feedthrough M , b et w een logic

no des L and N , t w o v ertices, [ L; M ] and [ M ; N ] are in tro duced. All v ertices

of t yp e A are sho wn b y blac k circles in Figure 4.4(c).

In tro duce t w o sp ecial no des { a ST AR T and a STOP no de { at lev el 0 and
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lev el k + 1, where k is the maxim um n um b er of lev els in the graph. Their

purp ose will b e explained later.

T 2 : In tro duce v ertices of t yp e B that alternate with v ertices of t yp e A. These corre-

sp ond to the p ossible p ositions of the in ter-net spaces through whic h the cell

separator can pass. Since there are no restrictions on the n um b er of net no des

in a cell c hannel, w e in tro duce the follo wing sc heme to capture all p ossible

solutions.

� Eac h v ertex of t yp e A in tro duces at most 2 b oundary v ertices of t yp e B

in the 2 lev els whic h are adjacen t to its o wn. F or eac h of the lev els, the

topmost B v ertex is placed just ab ove the topmost net no de that is con-

nected to an y no de b elow the v ertex of t yp e A. Similarly , the b ottommost

B v ertex is placed just b elow the b ottommost net no de that is connected

to an y no de ab ove the v ertex of t yp e A.

In Figure 4.4(c), the v ertex [ H ; I ] in tro duces [ g ; h ] as the topmost B v er-

tex, since h is the b ottommost net no de that is connected to an y no de

b elo w it. Lik ewise, [ h; i ] is the b ottommost B v ertex as h is the b ottom-

most net no de that is connected to an y cell no de ab o v e it. The topmost

and the b ottommost B v ertices ma y b e the same as is evidenced b y [ d; e ]

at lev el 1. The dotted lines b et w een v ertices of t yp e A and t yp e B indicate

these dep endencies.

� In tro duce additional v ertices of t yp e B in eac h lev el, one corresp onding to

eac h p ossible p osition b et w een the topmost B v ertex and the b ottommost

B v ertex.

These will b e part of our feasible solution space. In Figure 4.4(c), additional
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v ertices of t yp e B will b e in tro duced b et w een [ a; b ] and [ d; e ] at lev el 1.

T 3 : Construct the cell separator graph G

i

b y adding directed edges from v ertices of

t yp e A to v ertices of t yp e B in the same lev el and from v ertices of t yp e B

at one lev el to v ertices of t yp e A at the next lev el. The edges are w eigh ted

as follo ws: the w eigh t of an edge in G

i

is the the n um b er of edges that the

corresp onding cell separator segmen t crosses in G .

F or example, the edge from [ A; B ] to [ a; b ] has w eigh t 0, while the edge from

[ s; t ] to [ A; B ] has w eigh t 2. An y edge originating from the ST AR T v ertex, or

ending in the STOP v ertex is assigned w eigh t 0.

The cell separator graph for i = 1 is sho wn in Figure 4.4(d).

4.3.2.2 Optimal Cell Separator Assignmen t

In the previous section, w e describ ed a transformation, whic h captures all feasible

solutions for a particular cell separator. Next, w e pro v e some imp ortan t results that

allo w us to �nd the optimal cell separator.

Lemma 1 A ny p ath fr om the ST AR T vertex to a STOP vertex in G

i

r epr esents a

fe asible c el l sep ar ator i . The sum of the weights of the e dges on the p ath is the wiring

density that is induc e d by this c el l sep ar ator.

Pro of. The cell separator graph is directed and in a path from the ST AR T to the

STOP v ertices, there will b e exactly 2 edges b et w een adjacen t v ertices of t yp e A {

one from a v ertex of t yp e A to a v ertex of t yp e B and another from this v ertex of t yp e

B to a v ertex of t yp e A. A path can b e transformed in to a cell separator b y c ho osing

the cell separator segmen ts corresp onding to the edges on the path.

2
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Note that the sum of the w eigh ts of the edges on a path is

P

C

w d ( C ; i ). It can b e

inferred from Lemma 1 that �nding shortest w eigh ted path from the ST AR T to the

STOP v ertex will result in the optimal cell separators that are enco ded b y the cell

separator graph G

i

. It remains to sho w that the optimal cell separator is enco ded b y

the cell separator graph.

Theorem 1 The c el l sep ar ator gr aph G

i

has a p ath fr om the ST AR T to the STOP

vertex which c orr esp onds to the optimal c el l sep ar ator i .

Pro of. Assume that the optimal cell separator i corresp onds to a path whose v ertices

are not included in the cell separator graph G

i

. This implies that it passes either ab o v e

the topmost B v ertex or b elo w the b ottommost B v ertex in G

i

at some lev el l . If it

passes the ab o v e the topmost B v ertex, w e can �nd a cell separator with smaller cost,

since, b y the c hoice of the topmost B v ertex, the wiring densit y induced b y passing

the cell separator ab o v e the topmost B v ertex at lev el l m ust b e at least as m uc h as

that induced b y the topmost B v ertex at lev el l . A similar argumen t w orks for the

b ottommost B v ertex. Th us b y con tradiction, G

i

con tains the optimal path.

2

W e ha v e transformed the problem of �nding the optimal cell separator i to that

of �nding the shortest path in a directed graph. Kno wn algorithms suc h as Dijkstra's

[50] can b e applied to solv e this problem. The dotted lines in Figure 4.4(c) indicate

the shortest paths in a particular example and Figure 4.4(d) sho ws the cell separator

corresp onding to one of those paths.

The qualit y of a solution obtained b y this algorithm dep ends up on the order in

whic h the cell separator assignmen t tak es place. Since cell separators cannot in tersect,
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assignmen t of a cell separator reduces the searc h space for subsequen t cell separators.

The �rst cell separator solv ed for is guaran teed to b e optimal. Ho w ev er, subsequen t

cell separators ma y not b e optimal. W e ha v e exp erimen ted with v arious ordering

strategies { top-do wn, b ottom-up, and bipartitioning. Bipartitioning seems to ha v e

the b est p erformance in terms of sp eed of execution and qualit y of results. The �nal

results rep orted in this thesis are all based on the bipartition ordering, i.e, to obtain

all the cell separators, w e rep eatedly divide the graph in to t w o halv es b y �nding cell

separator d

N

2

e , where N is the maxim um n um b er of cell no des at an y lev el in the

graph. This order of pro cessing reduces the size of the searc h space as the pro cedure

progresses. The complete solution for the example in Figure 4.4(a) is sho wn in Figure

4.4(b).

4.4 Complexit y Issues

In this section, w e deriv e lo ose upp er b ounds for v arious phases of TOCO . Let N b e

a netlist with n cells, distributed across l lev els, with m as the maxim um n um b er of

cells at an y lev el. The complexities of the algorithms used are:

Initial Placemen t The transformation of the netlist in to a canonical form tak es

O ( n

2

) [36].

Wire crossing minimization The median heuristic as implemen ted in [29] calcu-

lates the median for eac h no de. Sorting these no des according to the median

can b e done in O ( m � log m ) time. This pro cess is rep eated as man y times

as the n um b er of lev els. The forw ard and bac kw ard tra v ersal of the lev els is

done constan t n um b er of times. Ov erall, the complexit y of this pro cedure is

O ( n � log m ).
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Compaction This pro cess is dominated b y the sorting of cells according to their

w eigh ts as calculated b y Equation (4.2). The maxim um n um b er of cells that

can b e sorted is equal to the capacit y of an y lev el as giv en b y Equation (4.2).

The capacit y of a lev el is O (

n

l

). A t most these man y cells can b e mo v ed

forw ard or bac kw ard and hence only these man y cells need to b e sorted. This

can b e done in O (

n

l

� log(

n

l

)) time. Since this is done for eac h lev el, the o v erall

complexit y is O ( n � log(

n

l

)).

Cell Separator Assignmen t The formation of a cell separator graph tak es O (

n

l

� l )

or O ( n ) time. The n um b er of no des in this graph is O (

n

l

� l ) or O ( n ), since

there are 2 l + 1 lev els eac h with O (

n

l

) no des. Dijkstra's algorithm for this graph

tak es O ( n

2

) time. Since d

n

l

e cell separators are required, the en tire pro cedure

tak es O (

n

3

l

) time.

The time tak en b y the TOCO pro cedure is dominated b y the cell separator assign-

men t phase. The en tire sc heme tak es p olynomial time.
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Chapter 5

Exp erimen ts

The placemen t sc heme prop osed in this thesis has b een dev elop ed to supp ort our

conjecture that `go o d' placemen ts can b e generated b y minimizing two crossing n um-

b ers. The TOCO 
o w is a general one, where v arious heuristics can b e used at eac h

stage of the 
o w. Substituting one heuristic for another can alter the results of the

placemen t. W e argue that for la y out problems in particular, case-b y-case ev aluations,

ho w ev er detailed, of a few unrelated b enc hmark circuits are not lik ely to rev eal a set

of statistically signi�can t results. This metho dology , in tro duced in [40, 51 ] allo ws us

to b etter judge and compare algorithms in ED A. Eac h algorithm's p erformance is

measured b y running it on a n um b er of circuits b elonging to an equiv alence class [36].

T o illustrate our p oin t, w e analyze grid-based la y outs as w ell as placed-and-routed

la y outs for a n um b er of equiv alence m utan t classes in tro duced in [36 ].

W e b egin b y pro viding con text to our exp erimen ts. F ollo wing that w e analyze

the v arious phases of TOCO b y substituting di�eren t heuristics for eac h stage and

comparing the results. Finally , w e presen t a comparison of TOCO with OASIS [37].
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5.1 Con text of Exp erimen ts

The con text in whic h w e prop ose to p erform placemen t exp erimen ts is sho wn in Figure

5.1. The 
o w ma y b e executed as follo ws:

Equivalence Class
Netlists

Statistical Report
(layout parameter

distributions)

Layout Report
(actual layout 
parameters)

ANY_CELL_PLACER

Grid-Placed 
Netlists

PLACE_EVAL

Technology 
Parameters

ROUTER

Figure 5.1: Prop osed con text of placemen t exp erimen ts.

1. Prepare netlists of appropriate equiv alence classes;

2. place an y n um b er of equiv alence class netlists with an y placemen t to ol, e.g.

TOCO ;

3. arc hiv e placed netlists in a grid-bases format;

4. pro cess grid-based placemen ts b y either or b oth:

� a common placemen t ev aluator that can pro cess results of an y grid-based

placemen ts and pro duce a standardized rep ort in terms of grid-based

la y out parameters
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� a common router that can pro cess results of an y grid-based placemen t

and pro duce a la y out and a standardized rep ort in terms of tec hnology

sp eci�c la y out parameters.

Ideally , one ma y b e able to correlate the grid-based parameters, suc h as total

and critical wire crossings, total and critical wire length, and a v erage wire densit y

to comparable parameters measured in actual la y outs suc h as area and wire length.

If the correlations are reasonable, the grid-based mo del ma y b e calibrated for fast

estimation of actual la y outs.

F or our studies, w e ha v e implemen ted a placemen t ev aluator, place eval , whic h

tak es a grid-based placemen t and calculates the total wire length ( TWC ), critical wire

length ( CWL ), total wire crossing ( TWC ), critical wire crossing ( CWC ), a v erage wire den-

sit y ( AWD ), width ( Width ), heigh t ( Height ), Area ( Area ), and feedthroughs ( FTS ) as

giv en b y the equations in Chapter 3.4.

A total of 1200 circuits ha v e b een used in executing exp erimen ts. These include

the follo wing circuits and equiv alence classes:

� 100 instances of class D of `planar'. These results w ere rep orted in Chapter 1.

� 100 instances of class D of s27. These results w ere rep orted in Chapter 1.

� 100 instances eac h of classes A, B, and D for C1355.

Sp eci�cally , w e analyze

� class A of C1355 for sensitivit y to v arious phases of TOCO .

� class D and class B of C1355 for comparison with OASIS .
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5.2 Phases of TOCO

In this section, w e presen t the results rep orted b y place eval on m utan t class A of

C1355. The equiv alence class A is generated b y p erm uting 10% of wires at eac h lev el

and reconnecting them. All tables in this section refer to 100 instances from this

class.

In earlier c hapters, w e ha v e presen ted v arious heuristics that can b e used for eac h

phase of TOCO . The com bination that pro duced the most consisten t results is using

DOT [29] for wiring crossing minimization and the bipartition metho d for cell separator

assignmen t phase. W e presen t the follo wing v ariations of TOCO :

Default DOT as the reordering heuristic and bipartitioning as the cell separator as-

signmen t heuristic.

Random Instead of starting with the canonical form and then using compaction, w e

start b y randomly c ho osing cells to place on the same grid.

Barycen ter W e substitute the barycen ter reordering heuristic for DOT .

T op-Do wn Finally , w e use the top-do wn cell separator assignmen t heuristic instead

bipartitioning. DOT is used for reordering.

DOT and bipartitioning. T able 5.1 and Figure 5.2 summarizes results of TOCO using

DOT and bipartitioning.

Eac h en try in the table is the 95% con�dence in terv al, mean and standard devia-

tion [52] for the parameter rep orted b y place eval . `Compacted' refers to the stage

just after the compaction phase, `Reordered' just after the reordering sub ject to the

lev el constrain ts imp osed b y the compaction phase, and �nally `Optimized' is after

the cell separator assignmen t phase, sub ject to the order imp osed b y the reordering
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Compacted Reordered Optimized

TWL [2.6275e+04, 2.6433e+04] [1.0203e+04, 1.0369e+04] [6.4426e+03, 6.9134e+03]

2.6354e+04 3.9446e+02 1.0286e+04 4.1481e+02 6.6780e+03 1.1770e+03

CWL [4.0601e+02, 4.4227e+02] [1.5597e+02, 1.6653e+02] [1.0194e+02, 1.1566e+02]

4.2414e+02 9.0670e+01 1.6125e+02 2.6398e+01 1.0880e+02 3.4291e+01

TW C [1.8509e+04, 1.8711e+04] [2.4265e+03, 2.5073e+03]

1.8610e+04 5.0691e+02 2.4669e+03 2.0223e+02

CW C [5.3932e+02, 5.9679e+02] [9.9425e+01, 1.0997e+02]

5.6806e+02 1.4367e+02 1.0470e+02 2.6372e+01

A WD [3.4856e+01, 3.5048e+01] [1.5472e+01, 1.5704e+01] [1.2049e+01, 1.3019e+01]

3.4952e+01 4.8198e-01 1.5588e+01 5.8112e-01 1.2534e+01 2.4257e+00

Width [7.8882e+02, 7.9306e+02] [3.6237e+02, 3.6749e+02] [2.8708e+02, 3.0842e+02]

7.9094e+02 1.0604e+01 3.6493e+02 1.2785e+01 2.9775e+02 5.3366e+01

Heigh t [2.8785e+01, 2.8827e+01]

2.8806e+01 1.0427e-01

Area [2.2717e+04, 2.2851e+04] [1.0439e+04, 1.0585e+04] [8.2697e+03, 8.8823e+03]

2.2784e+04 3.3707e+02 1.0512e+04 3.6519e+02 8.5760e+03 1.5314e+03

FTS [7.1112e+02, 7.1556e+02]

7.1334e+02 1.1098e+01

T able 5.1: Results of TOCO for Class A m utan ts of C1355 using DOT and bipartition.

phase. Di�eren t optimization phases target di�eren t �gures of merit and don't alter

others. F or example, the n um b er of feedthroughs ( FTS ) is �xed after the compaction

phase and none of the subsequen t phases targets them. W e indicate this in the table

b y ha ving blank en tries for them.

What if w e start with a random placemen t? Here, w e do not start with the

canonical form and compaction. Rather, w e place the the cells randomly on the same

grid.

T able 5.2 summarizes the results. It can b e clearly seem that starting with a

random placemen t is m uc h w orse than using the canonical form and compaction. This

exp erimen t w as carried out for academic in terest. Ho w ev er, ev en for an ob viously bad

compacted form, the subsequen t phases of TOCO impro v e the placemen t signi�can tly .
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Compacted Reordered Optimized

TWL [1.8879e+05, 1.8999e+05] [2.4431e+04, 2.4945e+04] [1.9160e+04, 2.0946e+04]

1.8939e+05 3.1277e+03 2.4688e+04 1.2453e+03 2.0053e+04 4.3019e+03

CWL [1.0210e+03, 1.1270e+03] [1.2531e+02, 1.4171e+02] [8.2186e+01, 9.9018e+01]

1.0740e+03 2.7807e+02 1.3351e+02 3.9749e+01 9.0602e+01 4.0564e+01

TW C [2.1434e+05, 2.1694e+05] [1.0888e+04, 1.1358e+04]

2.1564e+05 6.8233e+03 1.1123e+04 1.1379e+03

CW C [1.7878e+03, 2.1112e+03] [1.3104e+02, 1.6004e+02]

1.9495e+03 8.4831e+02 1.4554e+02 7.0274e+01

A WD [1.0764e+02, 1.0846e+02] [4.1866e+01, 4.5798e+01] [3.6983e+01, 3.7799e+01]

1.0805e+02 2.1720e+00 4.3832e+01 9.4774e+00 3.7391e+01 1.9780e+00

Width [2.3900e+03, 2.4082e+03] [9.4305e+02, 1.0296e+03] [8.3562e+02, 8.5358e+02]

2.3991e+03 4.7782e+01 9.8631e+02 2.0850e+02 8.4460e+02 4.3517e+01

Heigh t [5.3067e+01, 5.3417e+01]

5.3242e+01 9.1665e-01

Area [1.2693e+05, 1.2859e+05] [5.0242e+04, 5.4870e+04] [4.4478e+04, 4.5600e+04]

1.2776e+05 4.3549e+03 5.2556e+04 1.1152e+04 4.5039e+04 2.7194e+03

FTS [4.1087e+03, 4.1447e+03]

4.1267e+03 9.4243e+01

T able 5.2: Results of TOCO for Class A m utan ts of C1355 using DOT and bipartition

starting with a random placemen t.

What if w e skip reordering after the canonical form? Here, w e skip the the

reordering phase after the canonical for generation phase.

T able 5.3 summarizes the results. W e observ e that the reordering the no des after

canonical form generation do es not ha v e a signi�can t impact on the �nal optimized

results.

What if w e use the barycen ter reordering heuristic? Here, eac h phase of

reordering relies on the barycen ter reordering heuristic [25 ] rather than the median

heuristic [27 ] as implemen ted b y DOT [29 ]. Results for the same parameters using this

heuristic are rep orted in T able 5.4 and Figure 5.2.

What if w e use top-do wn metho d instead of bipartitioning? Here, w e use
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Compacted Reordered Optimized

TWL [2.6613e+04, 2.6803e+04] [1.0293e+04, 1.0403e+04] [6.8042e+03, 7.1410e+03]

2.6708e+04 4.7329e+02 1.0348e+04 2.7406e+02 6.9726e+03 8.4200e+02

CWL [4.3512e+02, 4.6943e+02] [1.6978e+02, 1.8028e+02] [1.0597e+02, 1.1940e+02]

4.5228e+02 8.5775e+01 1.7503e+02 2.6232e+01 1.1269e+02 3.3564e+01

TW C [2.0647e+04, 2.0853e+04] [2.7164e+03, 2.7978e+03]

2.0750e+04 5.1413e+02 2.7571e+03 2.0364e+02

CW C [6.1530e+02, 6.7348e+02] [1.0467e+02, 1.1725e+02]

6.4439e+02 1.4546e+02 1.1096e+02 3.1457e+01

A WD [3.5512e+01, 3.5772e+01] [1.5823e+01, 1.6003e+01] [1.3695e+01, 1.4399e+01]

3.5642e+01 6.4864e-01 1.5913e+01 4.5175e-01 1.3947e+01 1.7583e+00

Width [8.0327e+02, 8.0897e+02] [3.7010e+02, 3.7408e+02] [2.9728e+02, 3.1276e+02]

8.0612e+02 1.4270e+01 3.7209e+02 9.9378e+00 3.0502e+02 3.8683e+01

Heigh t [2.9524e+01, 2.9608e+01]

2.9566e+01 2.1140e-01

Area [2.2927e+04, 2.3131e+04] [1.0572e+04, 1.0686e+04] [8.4496e+03, 8.8924e+03]

2.3029e+04 5.1061e+02 1.0629e+04 2.8304e+02 8.6710e+03 1.1070e+03

FTS [7.2324e+02, 7.2852e+02]

7.2588e+02 1.3209e+01

T able 5.3: Results of TOCO for Class A m utan ts of C1355 using DOT and bipartition

without the reordering after the canonical form generation phase.

the top-do wn metho d rather than the bipartitioning metho d in the cell separator

assignmen t phase for the same set of circuits. These results are rep orted in T able 5.5

and Figure 5.2.

A summary of these tables is presen ted in Figure 5.2. W e mak e the follo wing

observ ations:

� Regardless of the heuristics used for v arious phases of TOCO , eac h of the �gures

of merit targeted are reduced signi�can tly in subsequen t phases.

� Using DOT for the reordering phase has a signi�can t adv an tage o v er using the

barycen ter heuristic as far as the total wire crossing and critical wire crossing

are concerned. Ho w ev er, there is not a noticeable di�erence in the �nal area
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Compacted Reordered Optimized

TWL [6.1475e+04, 6.1999e+04] [2.6369e+04, 2.6505e+04] [6.8955e+03, 7.2703e+03]

6.1737e+04 1.3077e+03 2.6437e+04 3.4210e+02 7.0829e+03 9.3681e+02

CWL [1.2187e+03, 1.2739e+03] [4.0342e+02, 4.3570e+02] [1.2752e+02, 1.4410e+02]

1.2463e+03 1.3803e+02 4.1956e+02 8.0684e+01 1.3581e+02 4.1432e+01

TW C [1.8454e+04, 1.8634e+04] [4.5803e+03, 4.7487e+03]

1.8544e+04 4.4983e+02 4.6645e+03 4.2118e+02

CW C [5.6339e+02, 6.1181e+02] [1.9967e+02, 2.2095e+02]

5.8760e+02 1.2103e+02 2.1031e+02 5.3194e+01

A WD [4.5967e+01, 4.6247e+01] [3.5044e+01, 3.5210e+01] [1.2089e+01, 1.2905e+01]

4.6107e+01 7.0214e-01 3.5127e+01 4.1259e-01 1.2497e+01 2.0409e+00

Width [1.0333e+03, 1.0395e+03] [7.9298e+02, 7.9662e+02] [2.8796e+02, 3.0592e+02]

1.0364e+03 1.5448e+01 7.9480e+02 9.0779e+00 2.9694e+02 4.4900e+01

Heigh t [2.8854e+01, 2.8886e+01]

2.8870e+01 7.8496e-02

Area [2.9831e+04, 3.0009e+04] [2.2890e+04, 2.3002e+04] [8.3133e+03, 8.8315e+03]

2.9920e+04 4.4252e+02 2.2946e+04 2.8212e+02 8.5724e+03 1.2953e+03

FTS [7.1217e+02, 7.1627e+02]

7.1422e+02 1.0275e+01

T able 5.4: Results of TOCO for Class A m utan ts of C1355 using barycen ter and bipar-

tition.

and wire length { b oth total and critical.

� The bipartition and top-do wn heuristics p erform exactly the same. This leads

us to conclude that the bipartition heuristic can b e used since it runs faster.

Ov erall, w e can conclude the follo wing:

� The wire crossing minimization phase while signi�can tly reducing the total

wire crossing and critical wire crossing, also reduces the total and critical wire

length, a v erage wire densit y , width and area.

� The cell separator assignmen t phase, do es not alter the wire crossing param-

eters. It leads to a signi�can t reduction in the total and critical wire length,
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Compacted Reordered Optimized

TWL [2.6275e+04, 2.6433e+04] [1.0203e+04, 1.0369e+04] [6.4423e+03, 6.9129+03]

2.6354e+04 3.9446e+02 1.0286e+04 4.1481e+02 6.6776+03 1.1766+03

CWL [4.0601e+02, 4.4227e+02] [1.5597e+02, 1.6653e+02] [1.0194e+02, 1.1574+02]

4.2414e+02 9.0670e+01 1.6125e+02 2.6398e+01 1.0884e+02 3.4490+01

TW C [1.8509e+04, 1.8711e+04] [2.4265e+03, 2.5073e+03]

1.8610e+04 5.0691e+02 2.4669e+03 2.0223e+02

CW C [5.3932e+02, 5.9679e+02] [9.9425e+01, 1.0997e+02]

5.6806e+02 1.4367e+02 1.0470e+02 2.6372e+01

A WD [3.4856e+01, 3.5048e+01] [1.5472e+01, 1.5704e+01] [1.2048e+01, 1.3018e+01]

3.4952e+01 4.8198e-01 1.5588e+01 5.8112e-01 1.2533e+01 2.4257e+00

Width [7.8882e+02, 7.9306e+02] [3.6237e+02, 3.6749e+02] [2.8706e+02, 3.0840e+02]

7.9094e+02 1.0604e+01 3.6493e+02 1.2785e+01 2.9773e+02 5.3365e+01

Heigh t [2.8785e+01 2.8827e+01]

2.8806e+01 1.0427e-01

Area [2.2717e+04, 2.2851e+04] [1.0439e+04, 1.0585e+04] [8.2691e+03, 8.88171+03]

2.2784e+04 3.3707e+02 1.0512e+04 3.6519e+02 8.5754+03 1.5314e+03

FTS [7.1112e+02, 7.1556e+02]

7.1334e+02 1.1098e+01

T able 5.5: Results of TOCO for Class A m utan ts of C1355 using DOT and T op-Do wn.

a v erage wire densit y , width and heigh t.

� The heigh t and n um b er of feedthroughs is a function of the compaction pro ce-

dure. Regardless of the compaction pro cedure, the subsequen t phases of TOCO

always lead to b etter placemen ts.

The results rep orted so far ha v e b een with the default n um b er of ro ws in the

la y out. F or C1355, this n um b er is 22 as it induces an appro ximately `square' la y out

on the unit grid. In the next section, w e let OASIS placemen t con trol the n um b er of

ro ws that TOCO uses for the compaction phase.

Additional tables, whic h v erify the e�ectiv eness of eac h phase of TOCO are included

in App endix B.
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Figure 5.2: Summary of TOCO results for Class A of C1355.

5.3 Comparison with OASIS

In this section, w e rep ort on results rep orted b y OASIS [37] for t w o equiv alence classes

of C1355. { class D and class B. Note that the equiv alence class D, an isomorphic

class, is obtained b y a mere p erm uting of the instan tiation of no des in the netlists.

All circuits b elonging to the this class are the same netlists in di�eren t orders. The

equiv alence class B is the 100% class, i.e. all wires at eac h lev el are p erturb ed and
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reconnected. Details can b e found in the App endix.

F or eac h of the classes, w e used OASIS to pro duce la y outs in t w o di�eren t w a ys:

� The default mo de with no in terv en tion.

� W e used the constrain t of lev els and order of cells imp osed b y TOCO to serv e as

the placemen t for OASIS . The n um b er of ro ws in b oth OASIS and TOCO is the

same. In turn, OASIS inserts the feedthroughs and completes the routing. It

should b e men tioned that w e could not exercise full con trol o v er the placemen t

and ha v e observ ed that sometimes OASIS o v errides the ro w constrain t and

order within the ro w that w e imp ose. F urthermore, the information ab out

b ounding of net no des to regions in the wiring c hannel is not passed on.

T able 5.6 summarizes the area, wire length and feedthroughs as rep orted b y OASIS

for 100 instances of Class D of C1355.

OASIS (default) OASIS ( TOCO ) TOCO

Area [2.1127e+06, 2.1319e+06] [1.9851e+06, 2.0335e+06 ] Not applicable

2.1223e+06 4.7908e+04 2.0093e+06 1.2092+05

WL [3.0055e+05, 3.0469e+05 ] [2.8910e+05, 3.0358e+05 ] Not applicable

3.0262e+05 1.0348e+04 2.9634e+05 3.6195e+04

FTS [3.9066e+02, 3.9936e+02] [2.6056e+02, 2.6670e+02] [2.9858e+02, 2.9968e+02]

3.9501e+02 2.1757e+01 2.6363e+02 1.5345e+01 2.9913e+02 2.7253e+00

TW C Not applicable Not applicable [4.4900e+03, 4.8500e+03]

4.6700e+03 9.0004e+02

T able 5.6: Comparison of OASIS and TOCO for Class D of C1355.

A similar exp erimen t with Class B of C1355 is summarized in T able 5.7.

A visual summary of these table is presen ted in Figure 5.3.

F rom it, w e mak e the follo wing observ ations:
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OASIS (default) OASIS ( TOCO ) TOCO

Area [2.8262e+06, 2.8764e+06] [2.7044e+06, 2.7352e+06 ] Not applicable

2.8513e+06 1.2563e+05 2.7198e+06 7.7195+04

WL [4.9461e+05, 5.0463e+05 ] [5.2742e+05, 5.3474e+05 ] Not applicable

4.9962e+05 2.5062e+04 5.3108e+05 1.8323e+04

FTS [5.4468e+02, 5.6732e+02] [2.1680e+02, 2.2296e+02] [2.4218e+01, 2.4398e+02]

5.5600e+02 5.6619e+01 2.1988e+02 1.5387e+01 2.4308e+02 4.4757e+00

W C Not applicable Not applicable [1.0276e+04, 1.0434e+04]

1.0355e+04 3.9316e+02

T able 5.7: Comparison of OASIS and TOCO for Class B of C1355.
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uenced OASIS for Classes D and B of

C1355.
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� F or b oth classes, OASIS rep orts a smaller area when it is giv en a TOCO based

placemen t.

� The wire length for Class D is smaller with the TOCO based placemen t. Ho w-

ev er, in Class B, the default mo de of OASIS leads to smaller wire length.

� The n um b er of feedthroughs used is signi�can tly smaller with TOCO than with

OASIS .

T able 5.8 summarizes the area, wire length and feedthroughs as rep orted b y OASIS

for 100 instances of Class D of S1423.

OASIS (default) OASIS ( TOCO )

Area [5.1856e+06, 5.2190e+06] [2.8303e+06, 2.9347e+06]

5.2023e+06, 8.2392e+04 2.8825e+06, 2.5703e+05

Wire length [3.1555e+05, 3.2005e+05] [4.2528e+05, 4.3258e+05]

3.1780e+05, 1.1092e+04 4.2893e+05, 1.7948e+04

FTS [4.5067e+02, 4.6631e+02] [7.1779e+02, 7.3283e+02]

4.5849e+02, 3.9088e+01 7.2531e+02, 3.6855e+01

T able 5.8: Comparison of OASIS and TOCO for Class D of S1423.

A similar exp erimen t with Class B of S1423 is summarized in T able 5.9.

A visual summary of these tables is presen ted in Figure 5.4.

W e mak e the follo wing observ ations:

� The area for Class D is smaller with the TOCO based placemen t. Ho w ev er, in

Class B, the default mo de of OASIS leads to a smaller area.

� F or b oth classes, the wire length with OASIS in default mo de is smaller.
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OASIS (default) OASIS ( TOCO )

Area [1.8357e+06, 1.8543e+06] [2.8229e+06, 2.9579e+06]

1.8450e+06, 4.6331e+04 2.8904e+06, 3.3770e+05

Wire length [2.2768e+05, 2.3178e+05] [3.7232e+05, 3.9674e+05]

2.2973e+05, 1.0250e+04 3.8453e+05, 6.1062e+04

FTS [1.8176e+02, 1.9116e+02] [9.0799e+02, 9.8271e+02]

1.8646e+02, 2.3514e+01 9.4535e+02, 1.8680e+01

T able 5.9: Comparison of OASIS and TOCO for Class B of S1423.
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� The n um b er of feedthroughs used is signi�can tly smaller with OASIS than with

TOCO .

These exp erimen ts lead us to conclude that the curren t compaction pro cedure do es

not alw a ys lead to a go o d placemen t. A b etter c omp action pr o c e dur e is a dir e ction

for futur e work.

5.4 Wire Crossing, Area and Wire Length

W e b egan this c hapter with the conjecture that our abstract grid based mo del could

b e used for fast calibration of real la y outs. T o test this conjecture, w e plotted the area

and wire length rep orted b y OASIS after la y out, against the wire crossing rep orted

b y place eval b efor e la y out. These plots are sho wn in Figure 5.5. This w as done for

the com bined classes, D and B, for C1355, i.e there are 200 circuits that ha v e b een

correlated.

¨¨¨ ¨
¨

¨¨ ¨

¨

¨ ¨¨ ¨

¨
¨¨¨

¨

¨
¨¨

¨

¨
¨

¨̈¨¨ ¨ ¨¨
¨¨

¨¨̈̈

¨̈

¨

¨
¨

¨
¨

¨
¨¨

¨¨
¨

¨ ¨

¨̈
¨

¨¨
¨

¨ ¨̈

¨ ¨¨
¨¨̈

¨
¨̈ ¨¨

¨

¨
¨¨

¨
¨

¨

¨

¨

¨
¨

¨ ¨¨¨¨ ¨¨ ¨¨
¨

¨
¨¨ ¨

¨¨¨

¨ ¨
¨̈ ¨¨

¨¨¨
¨
¨¨

¨

¨
¨

¨
¨¨̈̈ ¨¨

¨
¨̈¨̈ ¨

¨ ¨¨¨ ¨
¨

¨¨̈¨
¨ ¨
¨

¨ ¨¨ ¨
¨¨ ¨

¨
¨

¨
¨¨̈¨
¨ ¨¨
¨̈

¨¨
¨
¨
¨
¨¨ ¨

¨ ¨̈ ¨ ¨¨ ¨ ¨¨ ¨¨ ¨¨
¨

¨
¨

¨
¨

¨ ¨¨ ¨
¨

¨¨̈ ¨¨¨ ¨
¨ ¨

0

500000

1000000

1500000

2000000

2500000

3000000

0 2000 4000 6000 8000 10000 12000

A
re

a

Total wire crossing

f(x) = 1.235637E+2*x + 1.435824E+6
R^2 = 9.552231E-1

¨¨¨ ¨

¨

¨¨
¨

¨

¨
¨¨ ¨

¨
¨

¨
¨

¨

¨
¨¨

¨

¨
¨

¨̈¨
¨ ¨ ¨

¨
¨
¨

¨¨̈̈

¨̈

¨

¨
¨

¨
¨

¨

¨
¨ ¨¨

¨
¨
¨

¨̈
¨

¨¨
¨

¨
¨
¨

¨ ¨
¨

¨¨̈

¨

¨̈
¨

¨

¨

¨
¨

¨
¨

¨

¨

¨

¨

¨

¨
¨ ¨

¨
¨

¨ ¨¨ ¨¨

¨

¨
¨

¨ ¨

¨¨¨

¨ ¨
¨̈ ¨¨

¨¨¨
¨
¨¨

¨

¨
¨¨ ¨¨̈̈ ¨¨

¨ ¨
¨

¨̈ ¨
¨ ¨¨¨

¨

¨

¨¨̈¨
¨ ¨
¨
¨ ¨

¨ ¨ ¨
¨

¨
¨

¨
¨

¨¨̈¨̈ ¨¨
¨̈

¨¨
¨
¨
¨
¨¨ ¨

¨ ¨
¨

¨
¨

¨ ¨ ¨¨ ¨
¨ ¨¨

¨¨

¨

¨ ¨¨ ¨¨ ¨
¨

¨¨
¨

¨¨¨ ¨
¨ ¨

0

100000

200000

300000

400000

500000

600000

0 2000 4000 6000 8000 10000 12000

W
ire

 le
ng

th

Total wire crossing

f(x) = 4.073147E+1*x + 1.075122E+5
R^2 = 9.691300E-1

Figure 5.5: Correlation b et w een total wire crossing, area, and wire length for C1355.

It can b e observ ed that there is a high degree of correlation { 95% in area, and

97% in wire length { b et w een the total wire crossing rep orted b efore la y out and the
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la y out parameters rep orted after la y out. This lends supp ort to the conjecture that

the total wire crossing in our m ulti-lev el bipartite graph mo del can b e used as a �gure

of merit for gauging the la y out parameters that result after place and route.
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Chapter 6

Conclusions and F uture W ork

The goal of this thesis w as to supp ort our conjecture that go o d placemen ts can b e

pro duced b y minimizing two crossing n um b ers. In the b o dy of this thesis, w e pre-

sen ted strong motiv ation for our conjecture, supp orting it with n umerous examples

on small circuits. W e in tro duced a m ulti-lev el bipartite graph mo del to represen t

the placed form of a netlist whic h captures the constrain t of a cell b eing b ound to a

particular ro w and a net b eing b ound to a region. A protot yp e placemen t algorithm

TOCO has b een implemen ted to pro duce placemen ts based on our conjecture. TOCO

lev erages v arious existing algorithms { canonical form generation and wire crossing

minimization. Algorithms for the compaction phase and generation of optimal cell

separators are the original con tribution of this thesis. Finally , w e designed and exe-

cuted h undreds of exp erimen ts to test our conjecture and presen ted the results.

W e feel that the w ork in this thesis pro vides new oppurtunities for further re-

searc h in to the v arious asp ects of the correlation b et w een crossing n um b ers and cell

placemen t, and algorithms for v arious phases of the placemen t sc heme. W e list some

of the more ob vious ones b elo w:

� A more sound theoretical basis for using the crossing n um b ers as a metric for

judging the merit of a placemen t. Though some researc h has b een carried out
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in this area, it has not b een geared to w ards addressing the issues that arise in

VLSI.

� The graph mo del used in this thesis can b e extended to capture more accurately

the v arying widths of a standard cell.

� The crossing minimization algorithms that w e ha v e encoun tered address this

problem w ell for dense graphs. In practice, the netlists encoun tered in real de-

signs, when mo deled, result in v ery sparse graphs. Wire crossing minimization

heuristics that w ork w ell on extremely sparse graphs are needed.

� The compaction algorithm that w e describ e has the limitation that it do es not

tak e in to accoun t the v arying widths that standard cells ma y ha v e. This is an

imp ortan t issue that needs to b e addressed.

� W e di�eren tiated b et w een an optimum cell separator assignmen t and an op-

timal one. The algorithm presen ted in this thesis tries to �nd optimal cell

separators. Based on the cost functions that corresp ond to eac h of these as-

signmen ts, it is p ossible to construct cases when an optimal cell separator

assignmen t ma y b e far from an optimal one. An e�cien t algorithm that tac k-

les directly the optim um cost function is needed.
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App endix A

Canonical F orm and Mutan ts

The w ork in this thesis mak es extensiv e use of the concepts of c anonic al form and

mutants . In this app endix, w e presen t a self con tained review of these k ey ideas.

Details can b e found in [36, 53].

A.1 Canonical F orm of a Directed Hyp ergraph

Con v en tionally , a circuit is mo deled as a directed h yp ergraph. T ypically , in this

mo del, di�eren t represen tations ma y v ary in some circuit parameters e.g., lev els,

distribution of the no des o v er lev els, etc. Consider, for example, t w o renditions of

the ISCAS b enc hmark s27 sho wn in Figure A.2(a) and (b). Some of the di�erences

b et w een them are sho wn in T able A.1.

T able A.1: Di�erences in t w o con v en tional represen tations of a circuit.

P arameter F or Figure A.2(a) F or Figure A.2(b)

Lev els 6 5

Lev elwise Distribution f 0,2,3,1,1,2 g f 2,3,1,1,2 g

of com binational cells

Lev elwise Distribution f 3,0,0,0,0,0 g f 2,0,0,1,0 g

of 
ip-
ops

Netspan for nets f a,b g f 6,2 g f 5,1 g
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(a) Directed acyclic netlist
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Figure A.2: (a) A con v en tional represen tations of a sequen tial circuit, (b) Another

con v en tional represen tation of the same circuit, (c) Canonical form, (d) Hierarc hical

canonical form.
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The n um b er of lev els is di�eren t in the t w o represen tations whic h in turn giv es rise

to di�eren t lev el-wise distributions of no des. Also, the netspan of a net, de�ned as the

di�erence b et w een maxim um and minim um pin lev el of the net, ma y b e di�eren t in the

t w o represen tations. W e need a circuit mo del that is c anonic al in that t w o di�eren t

dra wing or em b edding of the same graph will alw a ys ha v e certain parameters that

are in v arian t. In other w ords, t w o graphs that v ary in these parameters cannot b e

isomorphic.

An acyclic, bipartite graph, with primary inputs (PIs) and primary outputs (POs),

forms the basis for our prop osed canonical mo del. The netlist sc hematic sho wn in

Figure A.1(a) is a h yp ergraph: some nets are inciden t at more than t w o v ertices ( e.g.,

net e is inciden t at B,C,E).

When a feedbac k edge is deleted in the netlist mo del, the head of this edge is called

the feedbac k PI (FPI) and the tail is called the feedbac k PO (FPO). The FPI and

FPO act as primary input (PI) and primary output (PO) resp ectiv ely . F or example,

FPI i in Figure A.1(a) serv es as a primary input to the cell blo c k E. All t yp es of

inputs and outputs are considered to b e nets in this mo del.

The canonical mo del for the netlist in Figure A.1(a) is sho wn in Figure A.1(b).

The canonical mo del is bipartite and consists of in terlacing net no des and cell no des

in lev elized order. W e in tro duce a new t yp e of no de, a fe e dthr ough no de , to represen t

nets that span more than one lev el. This is done to break the net (whic h is a h yp er

edge) in to edges with netspan of 1. Subsequen tly , w e de�ne the length of an edge

from a cell no de to a net no de as 0.5 and similarly , the length of an edge from a net

no de to a cell no de as 0.5. This concept generalizes the notion of a pr op er hier ar chy

in tro duced to address the wire crossing minimization problem in graphs [23 ].

The h yp ergraph is transformed in to a canonical form through t w o transforma-

tions. The �rst transformation is basically the traditional lev elization pro cedure.
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T ransformation 1.

(1): All PIs are assigned a level = 0 ;

(2): The v ertices viz., the cell no des, are assigned a lev el > 0, determined uniquely

b y the top ological sort of the netlist;

(3): Eac h pin of the net inherits the lev el of the inciden t cell;

(4): Eac h PO net inherits the lev el of the cell no de driving it.

The second transformation can b e b est describ ed with reference to Figure A.2(c).

A sequen tial circuit consists of a n um b er of strongly connected comp onen ts (SCCs)

and v arious com binational parts that do not con tain an y cycle. F or example, the

circuit in Figure A.2(c) has t w o SCCs S C C

1

and S C C

2

and the com binational parts

C C

1

and C C

2

. A hierarc hical view of the circuit with these comp onen ts and the

in terconnections is sho wn in Figure A.2(d). A sequen tial circuit graph can b e rendered

acyclic b y deleting feedbac k edges in the SCCs (deleted edges sho wn b y dashed lines

in Figure A.2). Eac h feedbac k edge giv es rise to an FPI{FPO pair. Lev elization of

the FPI/FPO follo ws the same pro cedure as that of a PI/PO. A sequen tial circuit has

three di�eren t represen tations: (1) a global `
at' mo del (Figure A.2(c)), (2) a global

hierarc hical mo del (Figure A.2(d)), (3) a lo cal canonical mo del for eac h comp onen t

(an y partition in Figure A.2(c)). W e illustrate the pro cess of generating the canonical

form for the global 
at mo del using T ransformation 2.

T ransformation 2.

(1): F or eac h PI net, initially at lev el = 0, and driving cells at lev el = k

i

, re-assign

lev el = min f k

i

g � 1. F or example, in Figure A.2(c), PI net d has b een pushed

up to lev el 2 since it driv es cell no de(s) at lev el 3.

(2): F or eac h feedbac k 
ip-
op ( i.e., the 
ip-
op connected to an FPI), initially at

lev el = 1, and driving cells at lev el = k

i

, re-assign lev el = min f k

i

g � 1. The
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corresp onding FPI is assigned lev el = min f k

i

g � 2.

F or example, in Figure A.2(c), 
ip-
op e has b een assigned lev el = 4 since it

driv es cell no de(s) at lev el 5. The corresp onding FPI m-FPI has b een assigned

lev el = 3.

(3): Eac h net inherits the name of the pin driving it. F or eac h net, driv en b y pin i

(at lev el j ) and netspan = k + 1 ; k > 1, (a) connect net i to input pins of all

inciden t cells at lev el j + 1, (b) place a single-input, single-output fe e dthr ough

c el l at lev el j + 1, connect its input pin to pin i , and connect its output pin to

input pins of all inciden t cells at lev el j + 2, (c) rep eat step (b) x -times un til

j + x = k + 1.

F or example, in Figure A.2(c), net a , at lev el 1, is driving cells at lev els 2 and

6. Hence w e in tro duced 4 feedthroughs on it.

(4): Replace eac h net with a net no de (a net no de mirrors the cell no de: its fanin

is 1 and fanout is v ariable) at eac h lev el. All the fanouts at lev el i from this

net no w emerge from the corresp onding net no de at lev el i . In Figure A.2(c)

1

,

net a has b een replaced b y a net no de at eac h of the lev els 2{6, where the net

no de has b een driv en b y the corresp onding feedthrough.

The T ransformation 2 for the hierarc hical form is similar to the one for the `
at'

form. This mo del also annotates the lev el of eac h no de in the 
at form (sho wn within

paren theses in Figure A.2(d)).

A.2 Mutation Pro cess: A Brief Description

The m utation pro cess aims at generating a n um b er of circuits, called mutants , from

a giv en r efer enc e circuit. The m utan ts preserv e certain prop erties of the reference

1

The canonical form is sho wn in Figure A.2(c). Note that in this �gure the lev els are assigned to

the net no des. Also, the name of the net/cell no de app ears on the net no de only .
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Figure A.3: Represen tations of a reference circuit (`roth') and its m utan t.

circuit in the form of the signatur e . The signature of the reference circuit in Figure

A.3(b) is sho wn in Figure A.4. The signature essen tially sho ws a distribution of the

Level i : 0 1 2 3 4 5 6 Description of the parameter

------- -- -------------- -------------------------- --

L

i;I

: 4 1 0 0 0 0 0 Primary input net at each level

L

i;O

: 0 0 0 0 0 0 1 Primary output net at each level

L

i;A

: 0 0 1 0 1 1 0 Nets driven by feedthrough nodes at each level

L

i; 1 ;C

: 0 0 0 0 0 0 0 Nets driven by 1-input nodes

L

i; 2 ;C

: 0 4 3 3 2 1 1 Nets driven by 2-input nodes

Figure A.4: An example of a circuit signature : signature for the circuit `roth'
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net no des of di�eren t t yp es across the lev els. Note that b oth the reference circuit in

Figure A.3(b) and its m utan t in Figure A.3(d) ha v e the same signature, and hence,

they are said to b e in the same e quivalenc e class induced b y the signature.

The m utation pro cess is carried out as the follo wing:

� W e apply a p erturbation in the form of deletion of certain wires in the canonical

form of the reference circuit. The p erturbation ma y b e q % or p -wire ( p = 1 or

2) p erturbation, viz. , w e delete, at e ach level , q % of the total n um b er of wires

or p wires. F or example, in Figure A.3(c), 2 wires are deleted at eac h lev el

from the canonical represen tation of the circuit `roth'.

� W e reconnect all the deleted wires, sub ject to strict fanout b ounds and other

c onditional incidenc e r elationships , to complete the circuit. In the pro cess the

in terconnection pattern is c hanged, but the signature is preserv ed.

� Bo olean function of eac h no de in the graph is preserv ed.

� F or eac h m utan t, the order of the no des and the I/Os are randomized.

� Mutan t sub{classes are de�ned based on the degree of p erturbation. W e ha v e

used the follo wing 8 t yp es of p erturbation: f 0%, 1-wire, 2-wire, 5%, 10%, 20%,

40%, 100% g . Based on these w e de�ne the 8 sub classes f A, B, C, D, E, F, G,

H g , not necessarily in the same order. F or the 0% p erturbation, (sub class D),

no wire is remo v ed, and hence, w e get bac k the same circuit. Ho w ev er, all the

class D m utan ts obtained in this w a y are presen ted in a random netlist order

in the �le.
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App endix B

Phases of TOCO : Additional Exp erimen ts

In this app endix, w e presen t additional data for TOCO runs on the follo wing circuits:

� Class D and Class B of C880 [39].

� Class D and Class B of S1423 [39].

Eac h of the follo wing tables is a summary of the exp erimen ts for 100 instances of

the class. The parameters are rep orted b y place eval after the compaction phase,

reordering phase, and cell separator assignmen t phase.

Ov erall, these results con�rm the trend w e rep orted in the b o dy of this thesis.

Regardless of the compaction phase (n um b er of feedthroughs), w e observ e that:

� The wire crossing minimization phase while signi�can tly reducing the total

wire crossing and critical wire crossing, also reduces the total and critical wire

length, a v erage wire densit y , width and area.

� The cell separator assignmen t phase, do es not alter the wire crossing param-

eters. It leads to a signi�can t reduction in the total and critical wire length,

a v erage wire densit y , width and heigh t.

� The heigh t and n um b er of feedthroughs is a function of the compaction pro ce-

dure. Regardless of the compaction pro cedure, the subsequen t phases of TOCO

always lead to b etter placemen ts.
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Compacted Reordered Optimized

TWL [1.3178e+04, 1.3274e+04] [5.5471e+03, 5.6563e+03] [3.2468e+03, 3.3896e+03]

1.3226e+04 2.4058e+02 5.6017e+03 2.7286e+02 3.3182e+03 3.5717e+02

CWL [5.2797e+02, 5.4363e+02] [2.0942e+02, 2.1702e+02] [1.4370e+02, 1.5190e+02]

5.3580e+02 3.9163e+01 2.1322e+02 1.8998e+01 1.4780e+02 2.0500e+01

TW C [9.0790e+03, 9.1992e+03] [1.6255e+03, 1.6803e+03]

9.1391e+03 3.0050e+02 1.6529e+03 1.3709e+02

CW C [7.8841e+02, 8.0763e+02] [1.8284e+02, 1.9106e+02]

7.9802e+02 4.8050e+01 1.8695e+02 2.0528e+01

A WD [2.4388e+01, 2.4578e+01] [1.1699e+01, 1.1883e+01] [8.8234e+00, 9.3422e+00]

2.4483e+01 4.7324e-01 1.1791e+01 4.6217e-01 9.0828e+00 1.2970e+00

Width [4.5699e+02, 4.6039e+02] [2.2857e+02, 2.3189e+02] [1.7682e+02, 1.8616e+02]

4.5869e+02 8.5179e+00 2.3023e+02 8.3183e+00 1.8149e+02 2.3345e+01

Heigh t [2.3895e+01, 2.3987e+01]

2.3941e+01 2.2790e-01

Area [1.0928e+04, 1.1036e+04] [5.4693e+03, 5.5553e+03] [4.2325e+03, 4.4585e+03]

1.0982e+04 2.7151e+02 5.5123e+03 2.1494e+02 4.3455e+03 5.6518e+02

FTS [3.8389e+02, 3.8685e+02]

3.8537e+02 7.3878e+00

T able B.1: Results of TOCO for Class D m utan ts of C880 using DOT and bipartition.

Compacted Reordered Optimized

TWL [1.4608e+04 , 1.4762e+04] [6.5532e+03 , 6.6238e+03] [3.5782e+03 , 3.7782e+03]

1.4685e+04 3.8350e+02 6.5885e+03 1.7656e+02 3.6782e+03 5.0012e+02

CWL [5.9677e+02 , 6.3441e+02] [2.6036e+02 , 2.7472e+02] [1.6535e+02 , 1.7845e+02]

6.1559e+02 9.4105e+01 2.6754e+02 3.5878e+01 1.7190e+02 3.2764e+01

TW C [1.2443e+04 , 1.2623e+04] [3.0186e+03 , 3.0768e+03]

1.2533e+04 4.5030e+02 3.0477e+03 1.4568e+02

CW C [1.0523e+03 , 1.1211e+03] [2.8260e+02 , 2.9932e+02]

1.0867e+03 1.7210e+02 2.9096e+02 4.1817e+01

A WD [2.7638e+01 , 2.7938e+01] [1.3352e+01 , 1.3512e+01] [8.0919e+00 , 8.7303e+00]

2.7788e+01 7.5197e-01 1.3432e+01 3.9802e-01 8.4111e+00 1.5960e+00

Width [5.1547e+02 , 5.2089e+02] [2.5835e+02 , 2.6121e+02] [1.6365e+02 , 1.7515e+02]

5.1818e+02 1.3536e+01 2.5978e+02 7.1641e+00 1.6940e+02 2.8729e+01

Heigh t [2.3652e+01 , 2.3748e+01]

2.3700e+01 2.3868e-01

Area [1.2202e+04 , 1.2364e+04] [6.1208e+03 , 6.1928e+03] [3.8784e+03 , 4.1504e+03]

1.2283e+04 4.0304e+02 6.1568e+03 1.8017e+02 4.0144e+03 6.7984e+02

FTS [4.3967e+02 , 4.4583e+02]

4.4275e+02 1.5383e+01

T able B.2: Results of TOCO for Class B m utan ts of C880 using DOT and bipartition.
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Compacted Reordered Optimized

TWL [3.8303e+04 , 3.8571e+04] [1.0091e+04 , 1.0599e+04] [9.2859e+03 , 9.8165e+03]

3.8437e+04 4.8630e+02 1.0345e+04 1.5717e+03 9.5512e+03 1.3263e+03

CWL [1.0635e+03 , 1.1037e+03] [5.5280e+02 , 5.7894e+02] [5.4565e+02 , 5.8355e+02]

1.0836e+03 7.2706e+01 5.6587e+02 8.0963e+01 5.6460e+02 9.4758e+01

TW C [2.9342e+04 , 2.9532e+04] [4.3206e+03 , 4.4412e+03]

2.9437e+04 3.4370e+02 4.3809e+03 3.7368e+02

CW C [1.9314e+03 , 1.9694e+03] [7.1766e+02 , 7.4580e+02]

1.9504e+03 6.8970e+01 7.3173e+02 8.7187e+01

A WD [1.7122e+01 , 1.7260e+01] [1.8176e+01 , 1.8968e+01] [1.7650e+01 , 1.8810e+01]

1.7191e+01 2.5089e-01 1.8572e+01 2.4509e+00 1.8230e+01 2.8991e+00

Width [3.2619e+02 , 3.2869e+02] [3.4517e+02 , 3.5941e+02] [3.3569e+02 , 3.5657e+02]

3.2744e+02 4.5156e+00 3.5229e+02 4.4117e+01 3.4613e+02 5.2183e+01

Heigh t [4.0939e+01 , 4.0971e+01]

4.0955e+01 5.7399e-02

Area [1.3357e+04 , 1.3463e+04] [1.4136e+04 , 1.4718e+04] [1.3747e+04 , 1.4601e+04]

1.3410e+04 1.9207e+02 1.4427e+04 1.8055e+03 1.4174e+04 2.1363e+03

FTS [9.0008e+02 , 9.0154e+02]

9.0081e+02 2.6534e+00

T able B.3: Results of TOCO for Class D m utan ts of S1423 using DOT and bipartition.

Compacted Reordered Optimized

TWL [3.8762e+04 , 3.9106e+04] [1.1458e+04 , 1.2168e+04] [1.0890e+04 , 1.1076e+04]

3.8934e+04 8.4187e+02 1.1813e+04 1.7644e+03 1.0983e+04 4.5569e+02

CWL [8.9635e+02 , 9.8911e+02] [5.1996e+02 , 6.0862e+02] [4.0498e+02 , 4.6538e+02]

9.4273e+02 2.2716e+02 5.6429e+02 2.2052e+02 4.3518e+02 1.4793e+02

TW C [3.1356e+04 , 3.1730e+04] [8.4950e+03 , 8.6292e+03]

3.1543e+04 9.1650e+02 8.5621e+03 3.2862e+02

CW C [1.6487e+03 , 1.8343e+03] [7.5204e+02 , 8.5092e+02]

1.7415e+03 4.5477e+02 8.0148e+02 2.4217e+02

A WD [1.7553e+01 , 1.7767e+01] [1.8978e+01 , 2.0318e+01] [1.6564e+01 , 1.6832e+01]

1.7660e+01 5.2298e-01 1.9648e+01 3.3341e+00 1.6698e+01 6.5615e-01

Width [3.3396e+02 , 3.3780e+02] [3.5960e+02 , 3.8372e+02] [3.1615e+02 , 3.2097e+02]

3.3588e+02 9.4141e+00 3.7166e+02 6.0013e+01 3.1856e+02 1.1810e+01

Heigh t [4.0788e+01 , 4.0856e+01]

4.0822e+01 1.6871e-01

Area [1.3633e+04 , 1.3789e+04] [1.4677e+04 , 1.5661e+04] [1.2903e+04 , 1.3105e+04]

1.3711e+04 3.8440e+02 1.5169e+04 2.4482e+03 1.3004e+04 4.9481e+02

FTS [8.2989e+02 , 8.3361e+02]

8.3175e+02 9.0937e+00

T able B.4: Results of TOCO for Class B m utan ts of S1423 using DOT and bipartition.
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App endix C

A Placemen t Ev aluator

In the b o dy of this thesis, w e in tro duced a bipartite graph mo del for the la y out

problem. Additionally , w e de�ned �gures of merit that can b e measured for an y

placemen t on a grid. F or the purp oses of study , w e ha v e dev elop ed a to ol, place eval ,

that reads a netlist and rep orts the follo wing parameters for the placemen t:

TWL the total wire length,

CWL the critical wire length,

TW C the total wire crossing,

CW C the critical wire crossing,

A WD the a v erage wire densit y ,

Width the width of the placemen t,

Heigh t the heigh t of the placemen t,

Area the area of the placemen t, and

FTS the n um b er of feedthroughs.

These parameters are formally de�ned in Section 3.4.

In this app endix, w e presen t three features of place eval :

1. formal description of the netlist format,
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2. example of a placed sc hematic and its netlist format,

3. example of 
o ws that ma y include place eval in future exp erimen ts.

C.1 Netlist F ormat

T o describ e the placemen t of a netlist in v ery simple terms, w e found it con v enien t

to extend, with structured commen t lines, the blif format [54].

A grid based placemen t, formalized in Chapter 3, can b e completely sp eci�ed

using the follo wing constructs in our netlist format. A description can b e split o v er

m ultiple lines b y including a ` \ ' at the end of eac h line.

.model mo del-name Here mo del-name refers to the name of the netlist.

.inputs list-of-primary-inputs Here list-of-primary-inputs is a white-space separated

list of primary inputs of the netlist.

.outputs list-of-primary-outputs Here list-of-primary-outputs is a white-space sepa-

rated list of primary outputs of the netlist.

# latch list-of-latch-names Here list-of-latch-names is a white-space separated list

of cells of the netlist that are latc hes.

# wire cut i wir e-cut-i Here wir e-cut-i is a white-space separated list of net no des

that app ear in wiring c hannel i . The order of the net no des sp eci�ed here is

the order in whic h they app ear in the placemen t. The name of an y net no de

is either:

1. a name declared in list-of-primary-inputs

2. a name declared in list-of-primary-outputs

3. a name of a cell no de pin that driv es the net (a cell input pin, with a

name extension of a net no de driving it can also driv e another net no de).
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# cell cut i c el l-cut-i Here c el l-cut-i is a white-space separated list of cell no des and

feedthroughs that app ear in the wiring c hannel i . The order of these no des is

the order in whic h they app ear in the placemen t. The name of a cell no de is

based on:

1. a name of a cell no de output pin (in case of a single output pin),

2. a name that is a concatenation of cell no de output pins, separated b y a

` + ' sym b ol.

In either case, these pins are named in the .names line for the cell.

Eac h cell or feedthrough in the placemen t is describ ed b y the follo wing syn tax:

.names list-of-inputs list-of-outputs # or der fe e dthr ough-sp e ci�c ation

pla-table-functional-description

# wire channel inputs-wir e-channel-list outputs-wir e-channel-list

# cell channel inputs-c el l-channel-list outputs-c el l-channel-list

Here:

list-of-inputs refers to the list of inputs of the cell.

list-of-outputs refers to the list of outputs the cell. The name of the cell in the

cell cut is deriv ed b y joining its list of outputs b y ` + ' sym b ols.

or der Default orien tation is sp eci�ed b y given order . Rev erse orien tation is

sp eci�ed b y reverse order .

fe e dthr ough-sp e ci�c ation This string is FT if the cell is a feedthrough, blank

otherwise.

pla-table-sp e ci�c ation is used b y place eval to determine the n um b er of out-

puts of the cell. It m ust b e consisten t with the cell's list-of-inputs and

list-of-outputs .

inputs-wir e-channel-list This is a white-space separated list eac h elemen t of

whic h is of the form input @ i where i is the wiring c hannel to whic h net

no de input b elongs.
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outputs-wir e-channel-list This is a white-space separated list eac h elemen t of

whic h is of the form output @ i where i is the wiring c hannel to whic h cell

no de output b elongs.

inputs-c el l-channel-list This is a white-space separated list eac h elemen t of

whic h is of the form input @ i where i is the cell c hannel to whic h net no de

input b elongs.

outputs-c el l-channel-list This is a white-space separated list eac h elemen t of

whic h is of the form output @ i where i is the cell c hannel to whic h cell

no de output b elongs.

.end sp eci�es the end of the netlist.

C.2 Netlist F ormat: An Example

W e use the optimized form of the s27 netlist sho wn in Figure C.1 to describ e the

netlist format.

A t ypical en try in the netlist is sho wn b elo w.

.names a f s a.lev1 # given order

11 11

# wire channel a@0 f@1 s@1 a.lev1@1

# cell channel a@2 f@2 s@2 a.lev1@2

This en try describ es a cell with t w o inputs a and f and t w o outputs s and a.lev1 .

The n um b er of inputs and outputs can b e deriv ed from the PLA table line 11 11 .

This cell is in given order. The input a is in wiring c hannel 0 and the input f is

in wiring c hannel 1 . The cell itself is in wiring c hannel 1 . Similarly the cell c hannel

information is pro vided b y the next line.

This simple netlist format captures all the features of our prop osed grid based

format. It is understo o d b y place eval , whic h rep orts the aforemen tioned parameters

on it.
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.model s27.pblif

.inputs a b d c

.outputs k

#latch f g e

# wire cut 0 a b

# cell cut 1 f s+a.lev1 r g

# wire cut 1 n.lev2 d f s a.lev1 r g o c

# cell cut 2 n.lev2 u q t a.lev2 o

# wire cut 2 n u q t a.lev2

# cell cut 3 e n m k

# wire cut 3 e m n k

.names n.lev2 f # given order

1 1

# wire channel n.lev2@1 f@1

# cell channel n.lev2@1 f@1

.names a f s a.lev1 # given order

11 11

# wire channel a@0 f@1 s@1 a.lev1@1

# cell channel a@2 f@2 s@2 a.lev1@2

.names b g r # given order

11 1

# wire channel b@0 g@1 r@1

# cell channel b@3 g@4 r@3

.names o g # given order

1 1

# wire channel o@1 g@1

# cell channel o@4 g@4

.names n n.lev2 # given order FT

1 1

# wire channel n@2 n.lev2@2

# cell channel n@1 n.lev2@1

.names d s u # given order

11 1

# wire channel d@1 s@1 u@2

# cell channel d@1 s@2 u@1

.names u t q # given order

11 1

# wire channel u@2 t@2 q@2

# cell channel u@2 t@3 q@2

.names r s t # given order

11 1

# wire channel r@1 s@1 t@2

# cell channel r@3 s@2 t@3

.names a.lev1 a.lev2 # given order FT

1 1

# wire channel a.lev1@1 a.lev2@2

# cell channel a.lev1@2 a.lev2@3

.names c r o # given order

11 1

# wire channel c@1 r@1 o@2

# cell channel c@4 r@3 o@4

.names m e # given order

1 1

# wire channel m@3 e@3

# cell channel m@3 e@1

.names q e n # given order

11 1

# wire channel q@2 e@3 n@3

# cell channel q@2 e@2 n@2

.names a.lev2 n m # given order

11 1

# wire channel a.lev2@2 n@3 m@3

# cell channel a.lev2@3 n@3 m@3

.names n k # given order

1 1

# wire channel n@3 k@3

# cell channel n@3 k@4

.end

1 2 30

e

n

m

k

f

g

s

r

q

t

d

c

u

o

a

b

Figure C.1: An example of the netlist format.

C.3 F uture Flo ws with place eval

In this section w e prop ose some 
o ws whic h w ould mak e use of TOCO and place eval .

Figure C.2 sho ws a 
o w whic h could b e used to impro v e existing placemen ts.

Starting with equiv alence class netlists, and a placemen t whic h constrains cells to

ro ws, the in-c hannel reordering and cell separator assignmen t phases of TOCO can b e

used to reorder a ro w and assign net no des to cell c hannels. In turn, place eval can

b e used to measure the �gures of merit at eac h stage. Finally , a detailed router can
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         Netlist
Equivalence Class

Any placement

*.pblif place_eval Report

TOCO:
¥ in-channel reordering
¥ cell separator assignment

*.pblif place_eval Report

Detailed
Routing

all_eval

Detailed
Routing

Area/Performance

all_eval

Area/Performance
?

Figure C.2: A 
o w for impro ving existing placemen ts.

b e used for routing this placemen t and an ev aluator all eval can b e used to compare

default placemen ts with TOCO based placemen t.

Alternately , the full TOCO 
o w can b e used for generating placemen ts and compared

with existing placemen t as in Figure C.3.
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         Netlist
Equivalence Class

Any placement

place_eval

Report

Detailed
Routing

all_eval

Detailed
Routing

Area/Performance

all_eval

Area/Performance

TOCO (all phases)

*.pblif

place_eval

Report

*.pblif

?

Figure C.3: A 
o w for generating placemen ts.
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