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1. Problem Formulations

• Design Objectives
• Feasible Placements
• Netlength Measures
• Global Placement Problem Formulation
• Detailed Placement Problem Formulation
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1.1. Design Objectives

• Routability
• Timing 

(meet timing constraints/minimize cycle time)
• Power consumption
• Production cost (die size, yield)
• Time-to-market (turn-around time)
• Allow for late netlist changes 
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1.1.1. Routability

• Routability is a must
• Number of routing planes is usually fixed
• If a placement is difficult to route, then:

– routing will take more time
– more coupling capacitance/noise/detours will 

be necessary.
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How to measure routability?

• Routability depends on the router
• An LP-relaxation approach gives a provably 

excellent measure of routability [Alb01],
but takes a couple of hours for complex 
designs

• Very simple and fast estimates often 
correlate quite well [BR02], [HMS02]
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Near-optimum global routing versus simple congestion estimate
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1.1.2. Timing

• Timing constraints bound the delay on each 
– path (with a fixed clock schedule)
– cycle (with a variable clock schedule)

• Minimizing the cycle time corresponds to 
minimizing the
– delay on the critical path (fixed clock schedule)
– average delay on the critical cycle (variable 

clock schedule) [AKSV99].
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Placement-dependent delays

• For fixed netlist and device sizes, the delay 
along a path/cycle mainly depends on the 
capacitances of the nets

• For critical nets the capacitance can be 
assumed to be proportional to the length

• Thus, weighted sum of net lengths is a 
reasonable metric (for FPGAs this is not as 
good as for ASICs, but still used [Jay01]).



Jens Vygen ICCAD 2002  Placement Tutorial 10

Timing optimization is necessary

• But: to evaluate a placement (or intermediate 
results produced by a placement algorithm), 
timing analysis with fixed netlist and device sizes 
is not sufficient

• At least gate sizing and buffering must be done, 
based on the placement, to get meaningful results

• Thus, any timing analysis within placement must 
be preceded by timing optimization.
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Timing before optimization versus after optimization
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Static Timing Analysis

• Purpose: Check timing constraints, compute slacks
• Propagates timing info through an acyclic timing 

graph. Problems:
– Classical STA assumes a fixed clock schedule (e.g. 

zero skew) and no transparent latches
– The slew-dependency is not modelled properly 

[LOSW01], [Vyg01]
– Slacks are not computed properly [Vyg01]

• Main problem: how to use timing information for 
placement. 
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Using slacks for net weighting

• Standard approach: define net weights depending 
on the slack

• Problems: no difference between long and short 
paths. No sensitivity analysis. No matter how 
many critical paths pass a net (but see [Kon02])

• Can be interpreted as Lagrange relaxation (see
[TK91])

• Works quite well in iterative net weighting
schemes

• Widely used in practice in various ways.
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Slack Distribution

• Compute individual slacks (or delay budgets) for 
the nets, such that corresponding delays can be 
tolerated simultaneously

• Examples are [HNY87], [YLS92], [AKSV99], 
[CYS00], [KF00] and [Hel01] (optimum slack 
distribution in a natural well-defined sense)

• Problem: over-constrained (often infeasible) 
formulation

• Useful for detailed placement.
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1.1.3. Power Consumption

• The power consumption (as far as influenced by 
placement) depends on the weighted sum of all 
capacitances of all nets

• If a placement is well-routable, then only few 
detours are necessary

• Hence the weighted sum of optimum rectilinear 
Steiner tree lengths for all nets is a good measure 
for power consumption, although it does not take 
coupling capacitance between wires into account.
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1.1.4. Production Cost

• Production cost is influenced by placement in 
three ways:
– Die size
– Number of masks (depends on the number of wiring 

layers needed to route the placement)
– Yield  (depends on die size and feature density)

• However, the die size is often determined by IOs, 
DRAMs, etc. Often, the image and the number of 
wiring planes has to be determined quite early.  
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1.1.5. Time-to-Market

• As little manual interaction as possible
• Fast turn-around time. Need (almost) linear-

time algorithms
• No try-and-error process. If possible, 

produce a routable placement meeting all 
timing constraints in a single run

• If this is impossible, we would like to know 
why.
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1.1.6. Allow for late netlist 
changes

• Retain flexibility. No rigid structure
• Algorithms should produce similar results 

on similar inputs (stability)
• Legalizing a placement with minimum 

movement is an important task.
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1.2. Feasible Placements

• Problem Instance:
– a (rectangular) chip area
– a set of (rectangular) blockades
– a set of circuits/cells/modules/components to be 

placed, each associated with a (rectangular) 
area

– netlist and further information on technology, 
timing, routing, yield impact, etc.
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Overlap-free placements

• A placement of the cells consists of
– x- and y-offset for each cell
– possibly mirroring and rotation flags

• and is feasible if 
– each cell is within the chip area
– no cell overlaps any blockade
– no two cells overlap each other

• Disjointness of n axis-parallel rectangles can be 
checked in O(n log n) time.
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Row-wise Placement

• To facilitate power supply, most cells have a unit 
height, and these should be placed within rows 
(standard cells)

• Realizing a certain logical function in gate arrays 
at a certain place can be regarded as placing a cell 
there. Gate array designs, too, are usually row-
based

• Sometimes there are further local constraints (in 
particular for FPGAs [Jay01],[SB02]) that must be 
considered in detailed placement.
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1.3. Netlength Measures

∑
∈

⋅
NN

NNw )STEINER()(

• where N is the set of nets, w(N) is the weight of 
net N, and STEINER(N) is the length of an 
optimum rectilinear Steiner tree for N

• Often estimates are used instead of STEINER(N).

• Power consumption can be estimated by the
weighted netlength:
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Why other net models?

• The length of an optimum rectilinear Steiner 
tree is NP-hard to compute [GJ77], but this 
is not really a problem as fast algorithms 
exist for small terminal sets [WWZ00]

• Simpler estimates are quite accurate
• Steiner trees with variable topology are hard 

to deal with in optimization.
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Commonly used net models

• BB(N): half perimeter of bounding box
• MST(N): minimum spanning tree
• STAR(N): sum of distances of all pins to

one auxiliary point
• CLIQUE(N): 1/(|N|-1) times the sum of

distances of all pairs of pins in N
(some use factor 2/|N| instead of 1/(|N|-1).)
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The 5 net models: an example

MST

STEINER

STARCLIQUE

BB
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Properties of these net models

• BB and STAR can be computed in O(|N|), 
CLIQUE and MST in O(|N| log |N|) time

• Accurate worst-case bounds are known for
all five models [BV01]

• The CLIQUE model is the one with best 
worst-case ratios to STEINER, among all 
net models with fixed topology [BV01].
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1.4 Global Placement Problem

• Simplest yet useful formulation:
Find a feasible placement such that the 
weighted netlength is minimum

• One has to take into account (at least):
– routability, e.g. by density constraints

(minimizing netlength tends to produce local 
routability problems, hot spots)

– timing constraints, e.g. by clever net weights.
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1.5. Detailed Placement Problem

• Simplest yet useful formulation:
Given an infeasible placement, find a 
feasible one with as little changes as 
possible

• A reasonable measure is the weighted sum 
of squared movements of all cells

• Delay budgets and local densities and local 
routability can be taken into account.
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2. Global Placement Approaches

• Theoretical Results
• Local Search
• Recursive Partitioning, Min-Cut
• Analytical Placement
• Discussion
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2.1. Theoretical Results

• Checking whether a feasible placement 
exists is NP-hard [Kar72] – but this is 
irrelevant

• Even a special case of one-dimensional 
placement (optimum linear arrangement) is
NP-hard [GJS76]

• Unit size cells and restriction to 2-terminal 
nets do not seem make the problem easier.
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Approximation algorithms

• The minimum area needed for a routable 
placement can be approximated up to a factor of 
O(log4n) in a special case [EGS00]

• Without considering routability, the netlength can 
be approximated up to a factor of O(log n log log 
n) [ENRS00]

• Total netlength and maximum length of a net can 
be approximated up to a factor of O(log3.5n) 
simultaneously w.h.p. [Vem98,Bre00]

• Here n is the number of cells to be placed.
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Conclusions from Theory

• The above-mentioned results do not help at all!
• It is not known whether it is NP-hard to give better 

approximation guarantees
• There are no reasonable lower bounds for 

placement! For example, if you have placed your 
chip with 500 m total netlength, you cannot prove 
that 50 m is impossible!

• This makes it very hard to judge placement 
quality.
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Approaches in Practice

• Local search, in particular simulated 
annealing

• Recursive partitioning, in particular min-cut
• Analytical (most notably, quadratic) 

placement
• These are the only three basic approaches 

used in practice, for more than 20 years. 
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2.2. Local Search

• Start with an arbitrary placement
• Successively check randomly (or 

heuristically) chosen modifications: 
• Accept them if they improve the placement
• Otherwise you may or may not accept them
• Always keep in mind the best placement 

obtained so far and restore it if appropriate.
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Local Search: General Remarks

• Widely used for discrete optimization 
problems in the absence of better algorithms

• Advantage: flexible, easy to implement, 
many constraints and objective functions 
can be incorporated

• Disadvantage: Often poor convergence, 
very long runtimes to obtain good results, 
lack of stability (to be explained later).
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Local Search Metaheuristics

• Classical Local Search: Only accept solution if 
better

• Metropolis filter: Accept solution if better, 
otherwise, if cost increases by p>0, we accept with 
probability e-p/T [Met53] 

• Simulated Annealing: Start with very large T, and 
then decrease T (the „temperature“) down to 0 
[Kir83]

• Many variations have been tried: „Tabu Search“, 
„Genetic/Evolutionary“ Algorithms, ... .
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Simulated Annealing

• Applied to placement for a long time: 
[SSV85], [SL87], [WLL88], [Sec88], [Len90]

• Provably converges to optimum solution if cooling 
schedule is slow enough (see [Len90] for details)

• However, then the running time is not much better 
than complete enumeration!

• Tends to work quite well for small instances 
(floorplanning) and complicated objectives

• Too slow for flat placement of today‘s chips.
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Local Search for Postopt

• Local Search can be quite effective in 
improving a placement obtained by a 
different technique [FPZ01]

• But even here it is not trivial to obtain 
significant improvements fast enough

• Complex objectives can be incorporated, 
but changes have to be evaluated very fast.
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2.3. Recursive Partitioning

• Standard approach: Divide-and-conquer
• Divide the chip area into 2 or 4 parts and 

assign each component to one of the parts
• Iterate this until the parts are small enough.

...
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Partitioning Problem

• Given a set C of components, and a number 
size(C)>0 for component C, an integer m>1, 
and capacities cap(1),...,cap(m),

• Find a partition f : C {1,...,m} such that →

)cap()size(
)(:

iC
iCfC

≤∑
=∈C

for i=1,...,m (called a feasible partition).
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Feasible Partitions

• Capacity of a region „cap(i)“ may be less than the 
usable area (avoiding too high density, possibly 
causing routing congestion)

• Area consumption „size(C)“ may be more than the 
actual size (anticipating routing problems if placed 
too densely)

• Deciding if a feasible partition exists is NP-hard 
[Kar72], but this is irrelevant as slight capacity
violations can be tolerated.



Jens Vygen ICCAD 2002  Placement Tutorial 42

What is a good partition?

• How do we measure the quality of a partition?
• Most popular objective: Min-Cut [Bre77],[DK85], 

[CKM00],[WYS00],[YM01]
• Minimize the number (or total weight) of nets that 

are separated. For m>2, take the number of parts 
to which the net´s pins are assigned into account.

• Other objective: minimize changes of analytical 
placement (see below)
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Terminal Propagation

• If a net contains pins outside the region 
to be partitioned, these are treated as 
belonging to the nearest subregion        
to which we partition

• If we recursively apply min-cut 
bipartitioning, then the sum of the 
objective values equals the final BB 
netlength.
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Disadvantages of Min-Cut

• Minimizing the first cut may lead to very 
poor subsequent cuts

• Nobody knows how to find a min-cut (s.b.)
• „1-dim approach to a 2-dim problem“ (does 

not apply to 4-way min-cut)
• „discrete approach to an almost continuous 

problem“
• Lack of stability (to be explained later).
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Special Case: Graph Bisection

• Given a graph G, partition V(G)=V1 V2 with
|V1|=|V2| and minimum number of edges between
V1 and V2

• NP-hard [GJS76] and not appproximable with an 
additive error of |V(G)|r for any r<2 unless P=NP 
[BJ92]

• However, not known to be MAXSNP-hard
• Best approximation algorithm achieves a 

multiplicative error of O(log2|V(G)|). [FK00] 

∪
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Min-Cut Heuristics

• Exchange heuristics based on Kernighan-Lin 
[KL70] and Fiducccia-Mattheyses [FM82], often 
combined with multi-level clustering 
([CS93],[HL95]), are most commonly used

• Hundreds of variants, but no performance 
guarantee can be proved for any of them

• Often 4-way instead of 2-way partitioning [SK89]
• [AK95] is a good survey on partitioning.
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2.4. Analytical Placement

• Main Idea: First minimize netlength without 
caring about overlaps

• Then – somehow – work to remove 
overlaps

• Works only if there are some fixed pins 
(primary I/Os, possibly macros).



Jens Vygen ICCAD 2002  Placement Tutorial 48

Linear netlength minimization

Theorem: BB netlength can be minimized in 
O(n log n (m+n log n)) time, where n is the 
number of components/nets and m is the 
number of pins

Proof: The linear program is the dual of an 
uncapacitated minimum cost flow problem 
(see [AMO93, KV02]). Apply the fastest 
min-cost flow algorithm [Orl93,Vyg99].
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Applicability of
linear netlength minimization

• Used in early times when chips were small
[JK88]

• Today far too slow
• But usable for small subsets of circuits, 

combined with local search [HL99],[HL00]
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Linear Netlength Minimization: 
Drawbacks

• Too slow for state-of-the-art chips 
• The optimum solution is not unique:

• For a basic optimum solution, many
components will have exactly the same 
position. In this case we get no information
on left/right/bottom/top relation.
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Quadratic Netlength 
Minimization

where
• N is the set of nets,
• |N| the number of elements (pins) of net N,
• x(p) is the horizontal offset of pin p w.r.t. C(p),
• C(p) is the component to which pin p belongs; 

C(p)=0 if pin is fixed (e.g. primary I/O), x(0)=0.

( )2
,

))(()())(()(
1
)(min ∑∑

∈∈

−−+
− NqpN

qCxqxpCxpx
N

Nw
N
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Quadratic Placement

• Optimize x- and y-coordinates separately: 2 QPs
• If each connected component of the netlist

contains at least one fixed pin, then these QPs are 
strictly convex and have unique optimum 
solutions (x,y)

• We call this solution the quadratic placement
• It can be found fast, e.g. by the conjugate gradient 

method [HS51] (theoretically O(nm) time, but we 
get very good approximations in O(m) time).
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A typical result of quadratic placement (grey macros fixed)
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Quadratic Placement

• The basic idea is probably due to Tutte 
[Tut63], who used it for drawing planar 
graphs. 

• Has been used in layout automation for a
very long time; see e.g. [FCW67],[CK84]

• Many tools are based on QP, for example
[TKH88], [KSJA91], [Vyg97], [EJ98]. 
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Advantages of QP

• Fast (10 minutes for 3M movable objects)
• Unique optimum solution, stable
• Gives a lot of information on relative 

positions
• 2-dimensional, continuous approach. 

Particularly appropriate when there are 
many, small components (and large ones are 
preplaced on the edge of the chip).
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(1 routing channel = 0.4 µm  – chip image 13.8 x 13.9 mm)
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Disadvantages of QP

• Optimizes quadratic instead of linear 
netlength

• Result changes by buffer insertion
• Note that power consumption and delay

(with optimum buffer insertion) grow only 
linearly with the netlength.
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Try to combine LP and QP

• QP is appropriate after optimum buffering
• However, this is not known initially
• GordianL: Approximate LP successively by 

QPs [SDJ91]. But: substantial runtime 
overhead even with ideas of [ACK+98]

• Split up nets (e.g. at cuts [Vyg97]) or, 
equivalently, insert buffers when nets 
become too long.
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Remove overlaps after QP

• Linear Assignment Problem (poor results)
• Recursive Partitioning

– either using min-cut again (e.g. GORDIAN, [KSJA91]) 
– but then QP is not really necessary ([ACC+99])

– or using just the geometric information: minimizing 
movement

• Or modify the QP: „adaptive forces“ [EJ98]
We will discuss the last two approaches in detail.
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2.5. Discussion

• Approaches: local search, min-cut, QP
• Criteria: quality of results, flexibility, turn-around

time, ability to work without fixed pins, stability 

–
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+ 

+ 
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Stability

• The placement process itself should be 
stable (as local objectives will change). This 
is more or less the case with all approaches

• Similar netlists should lead to similar 
placements. Let T be a placement tool, and 
let C1 and C2 be two versions of a chip (say 
C2 results from C1 by a few netlist changes). 
Then we want T(C2) to be similar to T(C1).
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Stability of Placement 
Approaches

• QP is stable: The discrepancy of the QPs of two 
similar netlists can be bounded 

• Min-cut and local search are instable. Even an 
algorithm always computing the optimum 
placement can be very instable: For a single 
netlist, several completely different optimum 
placements can exist! [Vyg01],[Vyg02]

• This is a reason to favour quadratic placement.
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Placement of Macros

• In practice, very large macros (cores or memory 
arrays) are usually placed manually in advance

• Most automatic placement tools can handle large 
objects, but often do not very well

• A good solution, e.g. a „planning tool“ that 
skilfully enumerates many macro placements and 
estimates the effect accurately would be very 
useful in practice

• However, this problem seems to be very hard.  
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3. More on Quadratic Placement

• Recursive Partitioning Based on QP
• QP with Respect to Regions
• Force-Directed Placement
• Concluding remarks on global placement
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3.1. Recursive Partitioning
Based on QP

• Min-cut: but then QP may be obsolete [ACC+99]
• Alternative: find a feasible partition f with

minimum total movement

∑
∈CC

CfCC ))(,d()size(

where d(C,i) denotes the L1-distance from the 
position of C to region i

• As it is NP-hard to find any feasible partition,
we relax the problem:
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Fractional Partitions

• We ask for a fractional partition
with]1,0[},...,1{: →× mCg

∑
∈

≤
CC

iiCgC )cap(),()size(

)(  1),(
1

C∈=∑
=

CiCg
m

i

),(),d()size(
1

iCgiCC
C

m

i
∑ ∑
∈ =C

• and minimizing total movement

• meeting the capacity constraints
for i=1,...,m
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Optimum fractional partition

• Can be found by min-cost flow for any m in
O(n2 log2 n) time, where n is the number of 
components

• Too slow for today´s chips (n>106)
• Only m-1 objects will get a fractional value 

– these can be assigned arbitarily.
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Optimum Bipartioning

• m=2: „moving cut line“ finds the optimum.          
Equivalently: weighted median.                  
Optimum can be found in O(n) time. 
[Dan57], [BFPRT73], see                  
[KV02]

• Used by [TKH88]

• But: which coordinate first? 
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Quadrisection

• For m=4 (2x2-partition), the            
optimum fractional partition has the              
structure of an „American map“

• It can be found in O(n) time
• Only 3 objects will get a fractional                 

value. Round these arbitrarily
• See [Vyg96,Vyg97,Vyg00]
• Much better than three times bipartitioning!
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3.2. QP with Respect to Regions

When components are assigned to m>1
regions of the chip, how to solve the QP 
without losing this information?

Ad-hoc approaches:
• m independent QPs with terminal 

propagation (but then we get poor results)
• Add linear inequality constraints (but then 

the QP is much harder to solve).
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Better Ideas

• One QP, splitting up nets at cuts
[Vyg97]: if p,q in different columns,
replace (x(p)+x(C(p))-x(q)-x(C(q)))2

by (x(p)+x(C(p))-xcut )2+(xcut-x(q)-x(C(q)))2

∑ ∑
=∈ =∈

=
iCfC iCfC

iCxC
)(: )(:

)(centersize(C))()size(
C C

• One QP with center-of-gravity 
constraints [KSJA91]:
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Advantages

• Splitting up nets at cuts
– No too full regions can occur
– Implicit linearization of the objective function
– QP will be solved even faster
– No even distribution on the whole chip area is assumed.

• Center-of-gravity constraints
– Components may move to other regions, leaving the 

possibility of revoking early decisions
– More information due to better spreaded placement.
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Some Hints

• Use both: first split up nets at cuts, then add 
cog-constraints where too little information

• The cog should not always be the region 
center

• Be careful with the CG method with cog-
constraints: don´t lose sparsity of your 
matrix (see [KSJA91])

• Replace large cliques equivalently by stars!
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Repartitioning

• The possibility of revising early decisions is 
essential

• Repartioning: 
– consider all 2x2-windows
– do a single QP without splitting up nets internally,
– apply a new Quadrisection
– apply another QP with splitting 

up nets according to new partition
– accept new partition if better.
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3.3. Force-Directed Placement

• Idea: QP is equivalent to solving linear 
equation system Ax=b

• The placement x* we look for (without any 
overlaps) satisfies Ax*=b*

• Successively modify b (hopefully towards
b*) in order to remove more and more 
overlaps.
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Adding Forces

• To each component we apply a force, pulling it to 
a direction of „most unused space“

• The force applied to component C depends only 
on the current position (x(C), y(C)) of C

• A force into the direction (fx(C),fy(C)) is modelled 
as a 2-terminal net  pulling C to the direction of
the force.
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How to apply forces

• Current horizontal placement x is a solution to the 
linear equation system Ax=b

• Adding a 2-terminal net of weight w pulling 
component C to a point that is fx(C) to the right of 
the (new) position of C, resulting in a new 
placement x´, means adding w to AC,C and adding 
w(x´(C)+fx(C)) to bC. We get the system A+x´=b+

• Subtracting wx´(C) from both sides of A+x´=b+

yields Ax´=b´, where b´ results from b by adding 
wfx(C) to the component corresponding to C.
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Adaptive Forces Algorithm 
[EJ98],[Eis99]

(1) Compute matrix A and r.h.s. vectors bx,by
as usual

(2) Compute solution to Ax=bx and Ay=by

(3) If only few overlaps, stop (and legalize)
(4) Compute force vectors fx and fy

(5) Set bx :=bx+wfx and by :=by+wfy

(6) Go to (2).



Jens Vygen ICCAD 2002  Placement Tutorial 82

Where do forces apply?

• Let D(p) be the number of circuits that 
overlap point p minus the target number 
(e.g. 0.7 if p is in a usable area with target 
density 70%)

• Each point p applies a force to each other 
point p´ (attracting or repelling), namely
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Repelling forces: example
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Repelling forces: example
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How to compute the forces

• The integral can be computed in O(n) time, where 
n is the number of rectangles (movable and fixed 
components). All forces in O(n2) time exactly or 
in O(n) time approximately with the fast multipole 
method [GR87]

• Details in [EJ98],[Eis99],[Bre00].
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• The total force applied to a component at position
p´ is
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Summary: QP-Based Algorithms

• QP+Quadrisection: faster, probably better results 
except for large macros, implicit linearization of 
objective function, no target densities needed 

• Adaptive Forces: better (though not perfect) 
handling of macros, even more stable

• Disadvantages of both: need fixed I/O pins, stick 
to the QP order quite strictly, can separate random 
logic groups when macros are in their way.
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A situation where min-cut is 
appropriate

• After QP, a highly connected group of 
random logic lies right on top of a macro

• With Quadrisection and Adaptive Forces, 
this group may be separated into two parts, 
which is usually bad

• In such a case, min-cut
seems appropriate.
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3.4. Combining global placement 
strategies – a possible way

• Use QP plus Quadrisection in general.
• Apply a few steps of the Adaptive Forces 

algorithm when there is too little 
information

• Use min-cut in special situations where 0-1 
decisions have to be made

• Use local search for local improvement in 
the end.
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A remark on benchmarks

• Most benchmarks for which results are 
reported are old, small, and artificial

• Results are often not comparable [Mad01]
• Industry is reluctant publishing netlists
• But even with proper data, placement tools 

are very hard to compare
• Often, designers faced with most complex 

chips know best which tools are best.
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So how to measure quality?

• There are three ways:
– convincing new ideas, theory or algorithms
– proven use for solving real problems
– benchmarks

• The third possibility is usually the least 
convincing one. Much more care should be 
used than often seen whenever benchmarks 
shall be the main proof of relevance.
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4. Detailed Placement

• Detailed Placement Approaches
• Min-Cost Flow Techniques
• Single-Row Placement
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4.1. Detailed Placement 
Approaches

• Low temperature simulated annealing (can 
be quite time-consuming), possibly based 
on sequence-pair representation

• Greedy approaches (can be quite bad) 
• Min-Cost-Flow-based algorithms
• Single-row algorithms
• Special FPGA algorithms, e.g. [SB02].
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Objectives in Detailed Placement

• Main goal: make placement feasible with as 
little movement as possible (legalization)

• But on this detailed level we may also take 
concrete objectives into account (in 
particular timing and routability)

• Here we concentrate mainly on legalization
• We assume that macros (components that 

do not fit into a row) are fixed. 
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Legalization with Minimum 
Movement

• Is also useful in case of ECOs
• Timing optimization after placement will 

usually require another legalization
• Clocktree synthesis is usually done after 

global placement. It is important that critical 
clock drivers (as well as other critical
components ) are not moved far away

• Give these components a higher weight.
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Placement Within Rows

• We have to place all components within rows
• Define a zone to be a maximal part of a row that is 

completely usable or completely blocked
• Goal of the first phase: assign components to 

zones such that a legal placement within each zone 
is possible

• Second phase: place components within each zone 
separately.
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4.2. Min-Cost-Flow:
Direct Assignment

• If all components have unit size and we want to 
minimize weighted total movement, this is a linear 
assignment problem, which can be solved by min-
cost-flow in O(n2p) time, where n and p are the 
number of components and positions, respectively

• But: too slow. Moreover, it is better to move 10 
objects by 1 unit rather than 1 object by 10 units

• Nevertheless the basic idea is used in several 
detailed placement algorithms: [DJA94], 
[KWO+97],[Vyg98],[NC99],[BV02].
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Min-Cost Flow between Zones

• Define a graph, whose vertices are zones 
and blockades, and an edge joins two 
vertices that have a common border

• Some zones contain too many components
(the sources), and others
have free space (the sinks)

• We look for a flow from
the sources to the sinks.
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Min-Cost Flow Problem

• v is a source if b(v) is positive
• Let the cost of an edge be an estimate of the 

cost of moving 1 unit along this edge 
(should be >0). All capacities are infinite

• This defines a min-cost flow instance.

• For each vertex v let 

∑
∈
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Moving flow

• The min-cost flow problem can be solved in 
O(n2 log n) time, where n is the number of 
zones

• The edges carrying flow (in a specific
direction) form an acyclic digraph

• Scan these edges in topological order
• For each edge: realize the flow.
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Example: flow
between regions

red/orange: source regions
green: sink regions
blue: flow
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Realizing the flow

• For a flow of k units from vertex v to 
adjacent vertex w, we have to move 
components of total size k from v to w.

• Note: this is not always possible exactly.
• The best subset of components to move can 

be computed efficiently by solving a 
knapsack problem (by dynamic
programming). 
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Problems and Solutions

• Non-exact realization can cause too full zones 
again (iterate, use heuristics to guarantee
termination)

• Components may have to be moved from the „far 
end“ of a zone. The zones can be very wide!
– Subdivide wide zones
– „Soft boundary“ between subzones

• See [Vyg98],[BV02] for details.
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4.3. Single-Row Placement

• Even the Optimm Linear Arrangement 
problem (a special case of one-dimensional 
placement) is NP-hard [GJS76], but has at 
least an O(log n)-approximation [RR98]

• One-dimensional placement can be solved
in polynomial time 
– for trees (but this is quite useless)
– for general netlists if the order is fixed.
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Single Row, Fixed Order

• Fix the horizontal order according to the last QP.
• Then minimizing BB netlength or total movement 

is the dual of a min-cost flow problem
• Thus it can be solved in O(n2log2m) time, where m

is the number of nets involved
• This even works for all zones simultaneously 

(saves ~2% when minimizing BB netlength)
• Faster: each zone separately. Then a dynamic 

programming algorithm [KTZ99] can be used.
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Dynamic Programming 
Algorithm

• Minimize BB netlength (movement is 
easier)

• The BB netlength – as far as it can be 
optimized by placement of current zone –
can be written as ∑

=

n

i
ii x

1
)(cost

where xi denotes the coordinate of the i-th 
component and costi is a piecewise linear 
convex function (i=1,...,n).
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Example
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Clumping Algorithm [KTZ99]

• For i=1 to n: PLACE(i).
• PLACE(i): 

– If i can be placed to the right of i-1 such that 
costi is minimized, then do so (in case of a tie
leftmost)

– Otherwise combine i-1 and i to a single 
movable object i´ and PLACE(i´).
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Running time

• Efficient implementation [BV00,BV02] 
makes this algorithm very fast:

• Minimizing BB netlength or total
movement takes
– O(m log m log log m) with units weights
– O(m log2m) with arbitrary weights

• Total squared movement can be minimized
in linear time.
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Postoptimization

• Optimum cell flipping is NP-hard [CYH91], but 
heuristics can be useful for routability [BHMR99]

• A legal placement can be optimized by  exchange 
heuristics (e.g. [HL99], [FPZ01])

• For timing optimization, it is useful to consider the 
critical path/cycle. But it is already NP-hard to 
place a single object with three pins optimally 
[Vyg01]. Simplifications (e.g. weighted BB 
netlength) must be used.
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PostOpt Heuristic

• Take a subset of circuits
• Place them optimally (say w.r.t. weighted BB 

netlength) without caring about overlaps
• Legalize the resulting placement

• [HL99],[HL00] proposed variants of this heuristic 
for the 1- and 2-dim placement (minimizing 
netlength), in a local search framework.
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