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Abstract 2.1 Delay Model

As the process technology advances into the deep submicron era, intercanbentdel a buffer as a switch-level RC circuit and a wire segmentrasiadel
plays a dominant role in determining circuit performance and signal integg circuit. See Figure 1 for an illustration.

Buffer insertion is one of the most effective and popular techniques to reduce

interconnect delay and decouple coupling effects. It is traditionally applied to

post-layout optimization. However, It is obviously infeasible to insert hundreds Iy Length d fvd
of thousands buffers during the post-layout stage when most routing regions are — > i éwT 1 W
occupied. Therefore, it is desirable to incorporate buffer planning into floor- Buffer TTin Cyd¥ “Cyud

< -
planning to ensure timing closure and design convergence. In this paper, we Co Mo Wire 2 2
derive the formulae of feasible regions, and integrate buffer planning with flbegure 1:r,, andc,, are the sheet resistance and unit-length capacitance of
planning to optimize area, timing, noise, and congestion (routability) simultaneire segmentc,, r;, andT;,, are the input capacitance, output resistance and
ously. In particular, we treat each buffer block as a soft module and applyihtainsic delay of a buffer.
grangian relaxation to optimize the floorplan area. Experimental results show
that our method obtains an arage success rate of 94.9% (86.4%) of nets meet-

ing timing constraint alonekoth timing and noise constraijsnd consumes an__AS an example, for a two-pin ne¥ of lengthd with driver resistance;

average extra area afnly 0.1% (0.2%) over the given floorplan. and a load capacitaneg . The delay oV is given as
de
] D = Td(dcw-l-CL)-l-d?"w(Tw +ecr)
1 Introduction 2
. . . = de +cL)+M+dr cr, 1)
As the process technology advances into the deep submicron era, interconnect ra(dew 5 wCL, -

plays a dominant role in determining circuit performance and signal integrity. !
Buffer insertion is one of the most effective and popular techniques to regéj“cgasecj on Equation (1) and the Elmore delay model, we can compute the

interconnect delay and decouple coupling effects. It is shown that the 3‘}' of the nefV with k buffers inserted as follows:
of a signal wire is quadratically proportional to the wire length, and inserting

buffers which break a wire into shorter wire segments makes the delay grow D = rg(docw + ¢p) +
only linearly. A buffer can also be used to decouple the coupling capacitance

T'w Cw d%

+ dorwey

(and thus improve signal integrity and delay) since it is a restoring device. k—1 e d2
Traditionally, buffer insertion is performed during the post-layout or routing + Z(Tm + rp(dicw + ¢p) + ———2 4 dircp)
stage. As the SIA technology roadmap predicts, the number of buffers inserted ‘
for performance optimization will grow dramatically [14]. It is obviously infea- i=1
sible to insert hundred of thousands buffers during the post-layout stage when TwCw di
most routing region is occupied by routing wires. Therefore, it is desirable to in- +  Tin +rp(dpcw +cr) + +dyrwer, (2
coaporate buffer planning into floorplanning to ensure timing closure and design . . .
convergence. whered; denotes the distance between buffend buffer: + 1, as shown in
Researchers have proposed a few post-layout buffer-insertion algorftignse 2.
in the literature. Alpert and Devgan [1] presented formulae for computing dy di Ok—1 ok
the optimal number and locations of buffers for timing optimization. Cong, I~ > ,,,,|> g ™
Kong, and Pan in [5, 6] presented pioneering works on buffer block planning  source (a) L Sink

for interconnect-driven floorplanning. Given a slicing floorplan, they computed Ay

the feasible regiondor inserting buffers to meet timing constraints, clustered B %VVTWh

buffers into blocks, and placed these buffer blocks into the dead spaces and voY g%émb vy v oo gé%

channels in the slicing floorplan for timing optimization. The work by Sarkagure 2:(a) A net withk buffers inserted. Herel; represents the distance
Sundararaman, and Koh in [13] additionally considered the trade-off betlvetmeen two adjacent buffers. (b) The corresponding RC model for buffers and
routing congestion and circuit area. In [15], Tang and Wong applied a netwark-segments.

flow based algorithm to compute the maximum number of buffers that can be

inserted into a feasible region. Dragan [9] presented the problem of buffi - .
signments for a given buffer block plan. More recently, Alpert et. al. [4] l?sse? Noise M odel

a tile graph to distribute buffer sites throughout the layout for early buffer @jgling noise between adjacent nets could lead to unexpected circuit behavior.
wire resource allocation. : : Figure 3 shows the effect of coupling noise between two adjacent nets. The
All the previous works on buffer planning do not consider crosstalk nQisgy|ing capacitancec() is proportional to the coupling length and inversely
Further, they work onlyfter floorplanning when the related positions of mqgonortional to the distance between the aggressor and the victim nets. If the

gleﬁs have been fixedl. 'rf‘. S%Chs"’.‘ situer\]tiog, tge Iocatic:cn %ncéf siz; ofkspa "noise voltagey( is greater than the threshold voltage, it may cause the
uffer insertion are also fixed. Since the deadspaces for buffer blocks areityli 1o malfunction. Buffer insertjon can be used to reduce noise effect since

ically treated as unwanted cost during floorplanning, they are often aVOidﬁld_eQ)"uffer is a restoring logic gate that can prevent noise from being propagated
minimized. As a result, the size and location of buffer blocks may not be fifn the input to the output of a buffer. In addition, inserting a buffer on a
able for later buffer insertion. Therefore, it is of significant importance tovigtim net will divide the net into two wire segments. As the coupling length is
tegrate buffer planning into floorplanning to fully utilizesefuldeadspaces fogut short, the coupling noise received by the victim net is reduced.

performance optimization. A previous work along this direction is due to Jiang 1 Adaressor net

et. al. [11] which planned buffers during floorplanning for timing optimization. 0 ggL -
As mentioned earlier, due to the increasing design complexity, it may not be LW T

feasible to insert a large number of buffers for noise avoidance during the routing =CL

Victim net
and post-layout stages. Therefore, there is a need to consider buffer pldnigigre 3: The noise model results from the coupling capacitance and
earlier at the floorplanning stage when there is more flexibility to allocate silicosstalk-induced current.
space for buffers to ensure timing closure and design convergence.

.. . We adopt the noise model presented by Devgan [8]. The noise metric pro-
2 Pl’el Iminaries posed in [8] has been shown to be the upper bound of noise for an RC circuit
and specially useful for physical design based noise avoidance. Alpert, et. al.
In this section, we introduce the delay and the noise models applied in our wiof&} applied this noise metric to buffer insertion, and their results show that
Then, we define the problem of unified buffer planning and floorplanning wig'metric is accurate and computationally efficient. As shown in [2], the cou-
i i ea, and congestion considerbiffor short). pling capacitance from an aggressor net to a victim net can be modeled as some
*This work was partially supported by the National Science Council of fraiction of the capacitance of the victim net. Consider a wire (u,v) with
wan under Grant No. NSC 91-2215-E-002-038. t adjacent aggressor wire segments, wheendv are two nodes in a buffered



tree. LetC. and R. denote the lumped capacitance and resistance forewi.2 Feasible Region

Its total induced noise curreiit can be computed b
P y Suppose that a net has met both the noise and delay constraints liffers

! inserted. Leb; be the position of theé-th buffer (I < ¢ < k) on the net. With
I = Ce Z Ailbis the buffer allocated in the Manhattan distance from the source of the net, we
o1 need to find how far the buffer can move away without violating any constraints

- while other buffers remain their positions. We call this rangéeasible region

where)\; is the ratio of coupling capacitance from an aggressoi fiethe ca- ¢ the puffer in which the buffer can move without violating any constraints.
pacitance of the wire segmeatandy; is the slope (i.e., power supply voltage N
over input rise time) of the signal of an aggressornebince the exact infor- Source \  — Sink
mation about aggressor nets is not available before routing, we assumg that — > [ > d; D>

is equal tou for all aggressor netss. Thus, we have ; —— — D
e % I. = CeAp 0 b bi-1 bi bir1 by

Figure 5:An illustration of moving the-th buffer away by the distanca,.
whereA = Z:zl A;, and the amount of the additional noise of wire segmeng i I ving Y way by : a

eis

I Because the position of a buffer can affect net delay significantly, we first
x(e) = Re (_e + ]T(U)) , (3) use the following theorem to capture the effect of moving a buffer away from its
2 original position on delay. Let the delay of a net wittbuffers inserted bé.

wherelr(v) represents the total downstream current seen at node Theorem 1 If the ¢-th buffer moves away from its original position by the dis-
2.3 Problem Formulation tanceA;. The delayD)’ is given by

The problem of unified buffer planning and floorplanning with simultaneous D'=D+ TwaA? +rwcw(di—1 — di)A;.

delay, noise, area, and congestion consideratiBHfor short) can be formally .

defined as follows: Given a set of modules and netlist, our objective is to find alhe new delay also needs to meet the delay constraint. Thus we have the
feasible floorplan and the buffer plan to meet both timing and noise consti@iting corollary.

and optimize area and wiring congestion at the same time. Corollary 1.1 If the ¢-th buffer moves away from its original position by the
. distanceA;. In order to meet the delay constraifit.,, A; must satisfy the
3 Buffer Planni ng following requirements:

. . . ATyeq—4D+A2 A ATyeq—AD+A2 A
First, we introduce the concept of buffer blocks and then show our theoretical — # - S <A<y W -3
results on the feasible region for each buffer under both noise and delay %or}-e

straints. whe

3.1 Buffer Block

To place a buffer on the circuit, we use the concept of buffer block menti

Ag=di—y —d;.

rrlgll:,With the above formulae, we can determine the feasible region of a buffer

: h ) ) update the delay increamentally if any buffer is moved away from its original
Ee[?r%'odlgléhe Ig"rgmggé \gﬁ g(rissttiﬂagfﬁteﬁebE%Egret#g%hﬂ-rhen’ we prese osition. To satisfy the delay constraints using buffer insertion, we apply those
311 Dgl)‘/inition 9 Y- formulae proposed in [1] to decide how many buffers are needed and where the

buffers are inserted. Léi,,: denote the optimal number of buffers needed to
Because buffers are made of transistors, the areas occupied by existing mipdidgertedz denote the range between the source and the first byftEmnote
are considered obstacles during buffer allocation. The empty area in a floarglaange between two adjacent buffers, amtnote the range between the last
is calleddeadspacevhich can be used to place buffers. In addition to deadspigéfer and the sink. The optimal deldy,,+ can be computed by the following
there arechannelsbetween adjacent modules. Using channels to place bufigiisition:

must pay additional penalty since the channel needs to be expanded for insert- TwcCwx?

ing buffers, and thus the entire circuit area will increase. Both deadspace ddart = Talc + cw®) + — + rwep®
channels are proper locations for buffer insertion. We use theliaffar blocks

to represent those deadspace and channels that are occupied by buffers. kopt —1

3.1.2 L-shaped Contour

TwC 2
+ Z (Tm +7p(cp + cwy) + wTwy + erby>
i=1

Yy

TwCw??

+Tin + 7'b(cb + sz) + + rwcpz.

As all buffers are placed at equal distangewe can simplify Corollary 1.1 as

follows:
71/711”"_1) <A; < W/LB"_D.
TwCw - - TwCw

To compute the feasible region under delay constraints, we make the assumption
that the feasible regions of buffers are independent, as [13] did.

If the peak noise voltage at the receiver is greater than the threshold voltage,
it may cause the circuit to malfunction. We define the noise margin to keep the
circuit from noise disturbance. In [2], Alpert et. al. used buffers to reduce the
effect of noise due to wire coupling after the routing topology is decided. From
their work, we know that a buffered net for delay optimization may not satisfy
the noise constraint. Consider a wire= (u, v), whereu andv are two nodes
in a buffered tree. Let the length of the wire segmeiite d. The maximum
distance fromv required for a buffer to satisfy the noise constraint is define as

Figure 4:An example of buffer block retrieval with the L-shaped contour. @)0W33

Initial contour in thick lines, and its corresponditg; andGy . {a, b, c,d, e} L < "™ I (v) (2)2 + (IT(U) )2 4 2M,

represent hard modules. (b) The L-shaped cont@yrandGy, after examining = ru iw T iw fwTw

the 5 modules {3, j} are deadspac€n, h, k, f, 1} are vertical channels, and . . .
{m,0,p, q,r} are horizontal channels. wherei,, = I./d denotes the current per unit length on net, add is the

noise margin at the downsteam pointf the wire segment.
Let the endpoints of the wire segmenbe thei-th buffer and the + 1-th

We develop a data structure calleeshaped contoyrwhich not only CanBBHﬁ& We can simplify the above inequality as follows:

retrieve all information of deadspace and channels precisely, but also can r

the horizontal (vertical) constraint graghy (G'v) for both modules and buffer T Ty, 2Mig1
blocksat the same time.(dy and Gy, are used to model the relative positions li < e + (T—) + T
of only modules in previous works.). Nevertheless, we need the constraint infor- w w wiw

mation of buffer blocks to refine the circuit area at the final stage. The L-shapede M; ; denotes the tolerable noise margin of the downstréam1-th
contour consists of a sequence of L-shaped segments. Initially the contpuffés. The value of; is calculated from the position of the downstream buffer.
just a big L representing the bottom-left boundary of the circuit, as shown inTo handle delay and noise constraints simultaneously, we integrate all above
Figure 4(a). Then we examine all modules one by one according to the cdergiulae to find the feasible region for each buffer under noise and delay con-
nates of their bottom-left corner. By examining each module, we can cateliralhts. We present the integrated formula in the following theorem.

the deadspaces on the left side of the module and locate all the channelﬁwﬁ%}% 2 Given a buffered net with buffers inserted, the feasible regidn

the boundaries of the module. See Figure 4(b) for an illustration. For exa ich thei-th buffer can move from its original position without violating any
the sorted order of those modules in the figuretia, b, ¢, d, e >. While we are timing and noise constraints is given by

examining the last module, we can retrieve the deadspafs j}, the vertical .

channel{l}, and the horizontal channéh, r}. Meanwhile, the corresponding max(b; — Ai, i1 +1i) < @ <min(b; + Aisbiy1).-
constraint graphé&s;, andG,, are also updated during processing each module.



Using Theorem 2, we can easily find the feasible region of each bufféf 4ol; to meet the noise constraints. While new buffers are inserted, we examine
meet both delay and noise constraints. So far, we consider only the 1-D feagiekier the delay still holds for the given delay constrgjat,. If the timing
distance from the source of a net for each feasible region and do not comsidgtraint cannot be satisfied due to the insertion of new buffers, we ignore the
existing obstacles on the circuit. To obtain the 2-D feasible region, the feaséitland mark it infeasible, ) .
region® is evaluated as the Manhattan distance and the 2-D feasible region my&Y the theorems in Section 3, the feasible region of each buffer can be
be within the intersection of routing regions. See Figure 6 for an illustratiorfierived easily. With the feasible region of each buffer and the geometric infor-
i-th Buffer mation of buffer blocks, we can find a feasible buffer block for buffer insertion.
Source— - ——— > If the buffer cannot find any feasible buffer block, we ignore the net and mark it

failed.
A buffer may have multiple choices for feasible buffer blocks. Each buffer

Routing Region block within a buffer's feasible region is a feasible solution to meet both delay
and noise constraints. To minimize the circuit area and channel expansion after
buffer insertion, we choose the buffer block with the largest capacity. If all buffer

2-D Feasible Region

Figure 6:A 2-D feasible region for thé-th buffer blocks are full, we choose the one which results in the minimum expanded area.
s : Once a buffer is assigned to a buffer block, the width and height of the buffer
4 U n|f| ed BUffer Pl anni ng and Fl OOI - plock should be updated accordingly. After assigning all buffers, we start to run
|anni n the longest path algorithm on the constraint graphs to update the width and the
p g height of the circuit respectively.

Figure 7 gives a main flow of our algorithm. First, we incorporate buffer inéki3 Reﬁhapl ng Buffer Block

tion into simulated annealing based floorplanning. During simulated annedilg buffers being inserted into channels or overflowed deadspace may cause
we apply buffer insertion to satisfy both delay and noise constraints. Aftetrexehannels or deadspace to be expanded. Once the buffer block is expanded,
panding the circuit for the space of inserted buffers, we apply Lagrangian r¢lexexpansion may create new deadspace, relocate modules, and make the chip

ation to refine the area of the floorplan. larger. To minimize the chip area, we may treat buffer blocks as soft module and
\ Input BenchMark | reshape the buffer blocks based on Lagrangian relaxation [16].
[ A— . Suppose that we havemodules in the circuit, including both hard modules
[Contruct Seguence Pair Representation and buffer blocks which are treated as soft modulés.and Gy, keep the rela-

tive locations of the: modules. Letr;, y;, w; and A; denote the x-coordinate,
y-coordinate, width, and area of moduleespectively. Each moduleis given

\ Construc'tG and & \

[ Find Longest Path | a minimum widthZL; and a maximum widttU;. In addition to then module
1 nodes, let node + 1 denote the sink in each constraint graph. After the longest
\ Insert Buffer | [Perturb path algorithm is applied on the constraint graphsy1 (y.+1) give thez-
~, No coordinate ¢-coordinate) of the rightmost (topmost) boundary. As a result, the
primal problem denoted b¥ P becomes
[__Reshape Buffer Block Minimize ZTn4+1Yn+1

l Subjectto x; + %l <wxz; Ve(i,j) € Gn,

yi+ gt <y Ve(i,j) € Gv,
. . Li<w; <U; V1I<i<nm,
4.1 Simulated Anneali ng wheree(i, j) means that there is an edge from nade nodej in the constraint
Our unified buffer planning and floorplanning is based on simulated anigeaph. Applying Lagrangian relaxation, we introduce nonnegative multipliers
ing and uses the sequence pair representation [12]. On the other hand, wg uard¢; ; for each edge. Then we obtain the Lagrangian relaxation subprob-
simulated annealing to search in the solution space for the optimal solutinghbngS(p,g) as follows.
perturbing the current solution. Perturbing a solution means that we can modify
the sequence by exchanging two modules in either sequence or rotating some

\ Finish
Figure 7:The flow of the unified buffer planning and floorplanning.

Minimize Tpy1Yn+1+

modules. The cost function of simulated annealing is defined as follows: e(inj)EGy Pir (zi + Z“l — )+
Cost = OéRfa,il + ﬂRarea + 'YRcongestion- ) EE(i,j)GGV &i,]‘ (yl + w_z - y,])
The Ry, denotes the percentage of nets that fails to meet either the delay or Subjectto L <w; <Uj
noise constraint while th&, ., evaluates the empty space and the expanded Vi<i<m. _ _ 3
area due to buffer insertion. By the Kuhn-Tucker conditions, we can obtain the optimal conditions for

Since each net must go through the buffer blocks that contain the buffgse Lagrangian multipliep andé¢ in LRS(p, €). The optimality conditions
of the net, the locations of buffers will govern the route of each net. To hag@lexs follows:

the routing congestion earlier at the floorplanning stage, we introduce the third
parameteR.ongestion t0 Prevent the congestion at the routing stage. Bet Z Pii = Z Pij ®)
represent the buffer block;, andC}, the set of the routing channels/regions in e(ii)eC g e(i,j)EGH

the chip. The congestion cost can be defined as follows:

n: 5 &, = i ©)
Reongestion = E{ J:h-WBi}JFE o 4 Z i Z i
- 1
3

Wi icon e(j,i)EG Y e(i,j)EGY
wherew; and h; denote the width and height d¥; respectively,n; denotes Ynt1 = Z Pin41s @)
the number of nets whose buffers have been assignétl, to; andd; denote

the respective capacity and density of the routing channel/regiand? is a clomtleGH

user-specified constant. The first term in Equation (4) considers the congestion - Z €imad ®
through buffer blocks while the second captures the congestion of routing chan- mt ot
nels/regions. (Note that the global-route information can be approximated at e(i,n+1)€Gy

this stage since we pre-route the nets for buffer planning.) For noise and de{ay ¢) satisfies the above conditions, the objective functidof LRS(p, €)
constraints, we evaluate tie,;; after buffer insertion which will be discusseghn be simplified as

in the next section.

4.2 Buffer Insertion . Z Z N . Z e | A
The main objective of the buffer insertion is using buffers to meet both delay Pig * R
and noise constraints of nets, and locating those buffers on the circuit. First, we 1<i<n e(i,j)EG e(i,j)EGY

find where the buffers are available on the circuit plane. Since we use simulated
annealing and the floorplan is updated in each iteration, we usk-ghaped

contour mentioned in Section 3 to extract all the available space for buffers _ Z I Z cimar | ©
effectively. With the geometric information about all buffer blocks in the circuit, o o
we can _buffer each net to meet both constraints. e(i,n+1)EG e(i,n+1)€Gy

t the optimal value afy;, F' is differentiated with respect t@;. Then we

buffers required, the locations of the buffers, and their feasible regions. Fo he following equation:

Before assigning buffers to buffer blocks, we need to know the numbegao
f %;é‘i
net, we can compute the optimal numbsgy; of buffers, the distance between h

the source node and the first buffer, and the distantetween neighboring A; Z e i
buffers by the formulae from [1]. With the delay formula, we can calculate w; = e(i,j)EGy *7
D, p¢ from the source to the sink. D, still cannot meet the delay constraint, Ze(i,j)eGH Pi,j

we ignore the net and mark it infeasible. oy .
%nce the delay constraint is satisfied, we continue to insert buffers for fgiSa!l thatw; must be within the rangl;, U;]. Thus, the optimal value af;

constraints. From a sink to the source, we compute the maximum farge P€COMeS

quired for a buffer to meet the noise constraint for each buffer by the equations A; Z  Vea Siv

derived in Section 3. If théi — 1)-th buffer is within the range of, the w; = min(Us;, maz(L;, e(i.1)€Cy

noise constraint is satisfied. Otherwise, we insert a new buffer at the position of Ze(m)GGH Pij

) (10)



Parameter] Description (Unit) Value _ #Net Meet/ Meet Ralio (%)
Tw sheet resistance of a nét(um) 0.075 C;a;)?gt T s | e 1A T
e ,“;{L};{i{}ﬁé‘;g";‘,"fﬁ,‘?';a,?jﬁe?;i)”gw [um) | 0118 Xerox | 304766.8 | 368/80.9 | 380785.5 | 454799.8 | 441/96.0
CZZL Toad capacitancef(F’) 23'4 hp 154768.1 185/81.9 196/86.7 222798.2 1887/83.2
Ta driver resistancat) 186 0 ami33 302/83.2 326/89.8 325789.5 345/95.0 329/90.6
2y fNput capacitance of a bulfef &) 23 4 ami49 398/73.0 497/91.2 513/94.1 540/99.1 506/92.8
5 OUTpUT resistance of a buffery) lB(j.O playout 1478/68.7 2020/93.9 | 2055/95.6 | 1878/87.4| 1618/75.3
M, the noise margin for a buffer or a sik(V) 0.8 Avg. 728 ~ 8E4.8 R86.l . 94.9 86.4
: rea Expansion Ratio (%

Table 1:pParameters of the.18um technology in NTRS'97. Circuit BBP IFRE FBP( ) UBF, UBFagn
apte 1.44 1.44 1.10 0.16 0.35

XErox 1.39 1.24 0.00 0.00 0.31

hp 1.05 1.03 0.00 0.34 0.34

ami33 0.93 1.44 0.00 0.00 0.00

Circuit | #modules [ #nets | # pads [ # 2-pin nets ami49 0.65 1.04 0.00 0.00 0.06
2pe 3 P LS PTayout 07T 137 056 012 073
XErox 10 203 Vi 755 Avg. 1.03 1.25 0.28 0.10 0.22

hp 11 83 45 226 #Buffers Inserted

ami33 33 123 43 363 Circuit BBP IFR™ FBP UBF4 UBF &
ami49 49 408 22 545 apte 262 176 23 129 248
playout 62 2506 192 2150 X€r oX 519 354 184 324 527

- iati i ;i hp 301 258 37 244 281

Table 2:Statistics of the MCNC benchmark circuits. i 23 5 -y s s
ami49 949 287 280 410 879
playout 4262 1090 896 1234 3348

Avg. 1242 446 272 451 932

Let Q(p, €) denote the optimal value dfRS(p, €). The Lagrangian duaITabIe 3:Experimental results for the number of nets (#Net Meet) and the per-

problem is to find a vector of Lagrangian multipliers such that the optimal stgtitage of nets (Meet Ratio) meeting the delay constraint (also noise constraint
tion of LRS is also the optimal solution a? P. We define the Lagrangian dugh, UBF,g,,,) and the corresponding area expansion ratio and the number of
problemZ D P as follows.

Mazimize Q(p,§)
Subjectto p > 0and€& > 0.

To find those optimal multipliers, we iteratively adjust multipliers by the

subgradient optimization method to find the optimal width of each block. Sgast UBF,; and UBF,g,,, perform better than BBP/FR, FBP, and IFR in delay
ing from an arbitrary(p, £) under the optimality condition by stép we move and area

buffers inserted.

to a new vectof s/, ¢') by following the subgradient direction: The overhead of UBF,,, for meeting the additional noise constraints is
consuming more area for buffer insertion. Because there are delay and noise
p’i,j = |pij +or(m +w; — anj)]+ (11) constraints with UBFyg,,,, the feasible region for each buffer could be smaller
A than that for delay optimization alone. According to the experimental results,
g = [&j+only+ U yj)rr (12) nevertheless, UBR,, even achieved better delay and area than the previous
bt ’ w; works in spite of the more stringent constraints. Further, even consuming more

. . ._buffers than IFR and FBP, UBF still achieved a smaller average percentage of
+ . ' a
where[z]" = max(0, z) and< o}, > is the step size sequence that saﬂsfié’ga expansion. The two facts revealed that UBF can utilize the deadspace and

limg 0o = 0andy 7> o} = oo. After the subgradient optimization, Lamuting channels/regions more effectively during floorplanning. The running

grangian multipliers may be changed. The new multipliers need to be projéatedof UBF; (UBF,¢,,,) averages about 8 (11) minutes and ranges from 29

back to the nearest point meeting the optimality conditions. seconds (40 seconds) for the smallest cirapite to 33 (45) minutes for the
BecauseP P is a convex problem, we can know that i, €) is the optimal largest circuitplayout, compared to the running time of FBP which ranges from

solution to LDP, the optimal solution dE RS(p, £) will also optimize PP. 1 minute forapte to 35 minutes foiplayout on a 166 MHz SUN Ultra Sparc

By iteratively adjusting multipliers and Equation 10, we can obtain the optivaghine. Both UBF and FBP required much longer running times than BBP/FR

width of each block and thus minimize the entire chip area. and IFR because UBF and FBP not only plan buffer locations but also perform
. floorplanning by using simulated annealing while BBP/FR and IFR only plan

5 EXper imental Results buffer locations.

The UBF algorithm was implemented in the C++ language on a 450 MHz Bn@fer ences

Ultra 60 workstation and experimented on the six MCNC benchmark circuifs] C.J. Alpertand A. Devgan, “Wire Segmenting for Improved buffer insertiBrgt.

used in [5, 6, 13, 11]. See Table 2 for the statistics of the circuits. In addition of DAC pp. 588-593, June 1997.

to UBF;¢.,, Which considers both noise and delay constraints, we also implé] C. J. Alpert and A. Devgan, S. T. Quay, “Buffer Insertion for Noise and Delay

mented UBF which considers only delay constraint for fair comparison. We _ Optimization,"|EEE Trans. CADvol. 18, No. 11, pp. 1633-1645, Nov. 1999.

shall focus on the comparisons of delay, noise, and area. [3] C.J. Alpert, T. C. Hu, J. H. Huang, A. B. Kahng,. and D. Karger, “Prim-Dijkstra
The parameters for interconnects and buffers were based dn tgm radeofts for 'g")pg’ggdsggfggggnce'D”Ve” Routing Tree DesifE:E Trans. on

technology given in the NTRS'97 roadmap [14] and were used in [5, 6, 11, 1@] C. J. Alpert, J. Hu, S. S. Sapatnekar, P. G. Villarrubia, “A Practical Methodology

(see Table 1 for the p?fametefs)- All parameters used are the same as [2, 5, 6for Early Buffer and Wire Resource AllocatiorProc. of DAG pp. 189-194, June

11]. We adopted the rise time for an aggressor net as 0.25 ns, the power supply2gg1.

voltage as 1.8 V, and noise margin as 0.8 V. Same as [5, 6, 11], all nets wé¢sg J. Cong, T. Kong and Z. D. Pan, “Buffer Block Planning for Interconnect-Driven

2-pin connections and the power/ground nets were excluded. Also, we used the Floorplanning,”Proc. of ICCAD pp. 358-363, Nov. 1999.

same delay constraints provided by the authors of [5, 6], which were randonifi} J. Cong, T. Kong and Z. D. Pan, “Buffer Block Planning for Interconnect Planning

generated ifi1.05T,pt, 1.20Topt]. and Predicition,1EEE Trzins_. VLS| Systenr2001. )
We compared our results with the previous works BBP/FR [5, 6] and) fﬁiga?t?ogﬁ ,’?‘{‘E"E'g-Tzréﬁg‘”éA"g';g,"g‘fm P'%’}?,‘f%;g’h'ﬂr‘;?rgggge“ performance Opti-

FBP [11]. (We also list the results of IFR [13] for reader’s reference. However;§ e, SEfficiont counlat noise metimation for oachi interconneBIE. of

it should be noted that the delay constraints used for IFR are slightly differe ! |C'CADgpp’ 147-151 NOE 1997 P ’

from those used for BBP/FR and our UBF.) As mentioned earlier, BBP/FR aqg] F. Drag’an,-A. Kahng’, I M'andoiL.J, S. Muddu, and A. Zelikovsky, “Provably good

IFR apply buffer insertiorafter floorplanning. After floorplanning, all modules global buffering using an available buffer block plaRfoc. of ICCAD pp. 104—

are placed and thus all available rooms for buffers are also limited. Unlike those 109, Nov. 2000.

works, FBP and our UBF performed buffer insertidaring floorplanning to [10] W.C. Elmo're, “The transient response of damped linear networks with particular

fully utilize deadspace. Besides, our UBF can consider not only delay but also regard to wide band amplifiers]: Appl. Phys.vol. 19, pp. 55-63, 1948. .

noise while BBP/FR, IFR, and UBF consider only delay. [11] I.H.-R.Jiang, Y.-W. Chang, J.-Y. Jou, and K.-Y. Chao, “Simultaneous floorplanning

_and buffer block planning,Proc. of ASPDACpp. 431-434, January 2003.

Table 3 gives the number and the percentage of nets meeting the given - : o
straints, the percentages of areas increased after buffer insertion, ComPUt&%ﬂfgg&ﬁf’R'é'cgﬂfgﬂg.sggci{n';%@aﬁﬁées’ngez'cfm’”mang"Tr\éhf'(':V'/fgb’('ﬁ i?cﬁgnem

(cxpanded Cﬁﬁ;y:;f;hogizzl chip area) and the total numbers of buffers in- I I135158_i524\'/1%96'd 4 CK. Ko “Routabilitv-Driven Reneater Block
; g . ) . Sarkar, V. Sundararaman and C.K. Koh, “Routability-Driven Repeater Bloc
serted to satisfy the given constraints. In all experiments, BBP/FR, IFR, FBP, Planning for Interconnect-Centric Floorplanningtoc. of ISPD pp. 186-191,

and UBF; consider only delay constraints while URFE,, considersoth delay April 2000.

and noise constraintsAs shown in these tables, UBRUBF,g,,,) achieves an [14] Semiconductor Industry AssociatioNational Technology Roadmap for Semicon-
average success rate of 94.9%(86.4%) of nets meeting timing (both timing and ductors 1997 Edition.

noise) constraints and consumes an average extra area of only 0.10% (0.228%) X. Tang and D.F. Wong “Planning Buffer Locations by Network FlowBrbc. of
compared with the average success rate of 72.8% (86.1%) meeting timing con- ISPD, pp. 180-185, April 2000. ] ]
straints and extra area of 1.03% (0.28%) resulted from BBP/FR (FBP). As k] F. Y. Young, Chris C. N. Chu, W. S. Luk, and Y. C. Wong "Handling soft modules in
IFR, it obtains average success rate of 84.8% nets meeting timing constraints 3eneral nonslicing floorplan using Lagrangian relaxatiif£E Trans. CADVol.

and consumes an average extra area of 1.25%. The experimental results shou?¥: PP- 687-692, 2001.
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