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Abstract

As the logic capacity of FPGAs continues to inceeagth deep submicron technology,
performing a full recompilation for small iterativehanges in a large design is an
extremely time-consuming and costly process. Taesddthis issue, this thesis presents a
new incremental placement algorithm for FPGAs narfi®dace” that significantly
reduces the time required for recompilation. Thiad® algorithm is based on shifting,
compaction, and annealing. Key ideas from the dlyorinclude a placement super-grid
that is larger than the physical size of the FPGAe super-grid allows insertion of
additional CLBs into areas with no free locations ®@PU-efficient shifting. This is
followed by a compaction scheme to re-legalize Citizd are shifted to illegal locations
outside of the physical size of the FPGA. The atgor ends with a low-temperature
anneal to improve quality. This algorithm is cagabft handling multiple design changes
across large regions of a FPGA. This is especiabful for hierarchical designs where
sub-circuits are re-used multiple times. If onehssab-circuit is modified, iPlace can
quickly produce a high quality incremental placetmgolution. For a single region of
design change, we found that iPlace is 34 to 2@@4difaster than the academic tool
Versatile Place and Route (VPR) in default modem@ared to VPR’s reduced-quality
“-fast” placement option, iPlace is 3 to 28 timastér with equivalent quality. For multiple
regions of design changes, iPlace is still 50-ites faster compared to VPR in default
mode when up to 2/3 of the CLBs are modified. Carag&o the “-fast” placement option,
iPlace is still 5-8 times faster. We believe tHlace is the first academically available
incremental placement algorithm capable of handilggificant changes to a netlist for

very large circuits.
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1. Introduction

Field Programmable Gate Arrays (FPGAS) are a slssibtype custom integrated circuit.
FPGAs are capable of implementing any digital dtrgu through the use of
reprogrammable look up tables and routing fabriem@ared to ASICs, FPGAs offer a
low cost alterative to designing digital circuitrfPGAs allow designers to quickly
prototype and test a circuit on hardware, withbetrieed for expensive mask and foundry
costs associated with ASIC designs. However, tlaeee drawbacks of using FPGAs
compared to ASICs. ASICs offer much higher chipsitgnfaster clock speeds as well as
lower power usage. The tradeoffs associated witltCA&nd FPGAs depend on the sales
volume of the final product. ASICs are more suitedarge volume, high performance
devices such as microprocessors. FPGAs on the dthed are more suitable for

medium-to-small volume devices or devices that iregfast time to market.

As the logic capacity of FPGAs increases with deg@pmicron technology, the run time
required to compile and fit a high level designooattarget FPGA increases significantly.
Recompiling the design from scratch for small cleangr localized improvements is a
time-consuming operation. For today’s largest FPGAfIIl recompilation often requires

several hours to execute the entire FPGA CAD flow.

Often only a small section of the circuit is moédj thus raising the need for incremental
algorithms that can speed up the compilation psacHse need for incremental algorithms
extends beyond small design changes. For circigsgded using design hierarchy,
multiple sub-circuits can be modified concurrently several designers. The need for

incremental CAD techniques that can quickly intégrenultiple changes together are
1



necessary for fast turn around time. In additia-sircuits can be re-used multiple times
in a design. Modifications to one such sub-cirgetjuire changes to multiple regions
across the FPGA. Incremental techniques must e tabthandle the use cases outlined
above. In addition, incremental techniques must doalable for small-to-large
modifications to ensure the most efficient use eWvalopment time. The resulting
incremental compilation for such use cases shoelldsbhigh quality as compilation from

scratch.

1.1.Contributions

This thesis presents an incremental placementiiigpnamed “iPlace” to be used as part
of an incremental CAD flow. Our approach uses exgsacademic tools as a foundation
and extends them for incremental placement. Re#wolts this work appeared in [1]. A

paper describing the algorithm details has beemgtdd for review [2].

The iPlace algorithm starts with an initial highadjty placement of a “before” circuit prior
to modification. For this, we use the default VARcement algorithm. The “before” state
is used as a reference solution for incrementatepfeent. Next, iPlace finds a new
placement for the modified “after” circuit statehd “after” state is the new circuit to be
incrementally placed using iPlace. The iPlace dllgor produces the new placement
solution through four phases: (1) use the “befatate to produce an initial placement of
the unmodified CLBs, (2) insert modified CLBs byfshg into asuper-grid (3) compact
the super-grid by shifting to re-legalize placemamid (4) refine with a low-temperature
anneal. Theuper-gridis a placement grid that is extended beyond thad®of the initial

FPGA device.



Three key ideas are present in the iPlace algorithhe first idea is the use of
floor-planning constructs to constrain the inipghcement of modified CLBs close to the
original placement “hole” left by the removal ofrse CLBs from the “before” state.

These floor-planning constraints are continuoushglified as the algorithm executes. The
second idea is a “placement super-grid”. The sgpdrexpands the entire placement
region as more CLBs are added than the “hole” gsriihe third idea is the use of partial
design shifting during the expansion and compacptbases of the algorithm. Shifting
partial rows/columns of CLBs is much more CPU-édifint than relying upon individual

moves used in annealing-based approaches, partychlecause annealing must also
measure the cost of each LE move before decidiftgr #he shifting, a low temperature
simulated annealing run is performed to improvesiation quality. This annealing step
is the slowest step. These steps combine to proaldast and high quality incremental

placement algorithm

To measure the performance of the incremental plané algorithm, we developed three
sets of benchmarks. Each individual benchmark ttittas a “before” and “after” state.
The first set of benchmarks approximate incremedgalgn changes where subregions of
a circuit are significantly modified in logic anttcture but other regions are untouched.
This set is created using a synthetic circuit gatoerto mutate a selected subregion of the
circuit. These clones are re-stitched into theinalgcircuit [3] [4]. The second benchmark
set approximates a physical resynthesis flow witlegecircuit is logically identical, but
functionally-equivalent changes are made within logal region. The second benchmark
set is automatically produced from a physical rédsgsis CAD flow [1]. The third
benchmark set is a variation of the second, buédda include multiple regions of design

changes. This set, also produced using [1] is tsatktermine the ability of iPlace in
3



handling multiple design changes across large nsgod the chip.

1.2.Thesis Outline

The remainder of this thesis is organized as fdlowirst, Chapter 2 will present

background information on FPGAs and prior work tesfieto incremental placement. Next,
Chapter 3 will describe the iPlace algorithm inadeChapter 4 will present the results of
benchmarking iPlace with the three benchmark fBltmpter 5 presents a qualitative
comparison of iPlace against existing fast andeimamtal approaches. Finally, Chapter 6

summarizes the key contributes and results of élac



2. Background

This chapter presents the background informatidatee to FPGAs and incremental
placement research. First, the hardware archiecaumd makeup of FPGAs will be
presented. Second, the software CAD flow relatembtopiling designs for FPGAs will be
discussed. Finally a summary of prior work relatedincremental placement will be

presented.

2.1.FPGA Architecture

Figure 1 Island Style FPGA [5]

Field Programmable Gate Arrays (FPGAS) are Vergéd&cale Integrated (VLSI) circuits

that are capable of implementiragy user designed digital circuit. FPGAs offer this
5



flexibility of through the use of reconfigurable gioc Elements (LE). The typical layout of
an FPGA circuit used by commercial devices suchlgera’s Stratix [6] and Xilinx’s

Virtix [7] is shown in Figure 1. The layout style of the FP€hAwn in Figure 1 is called an
Island Style Architecture. The Island Style FPGAsists of clusters of LEs called
Configurable Logic Blocks (CLB). The CLBs are la@t in a rectangular array
surrounded by configurable routing wires in botk trertical and horizontal directions.
The Array Sizeof an FPGA is measured in terms of the number lbBSspanning

horizontally and vertically. The name “Island” aitelcture comes from the fact that CLBs
“islands” are surrounded by a sea of configuralilesv Around the periphery of the chip

are Input/Output (I0) pads to connect the FPGAtorest a circuit design.

Logic Element and Clustered Logic Blocks (LE and CB)

Figure 2 BLE and CLB [5]

The most basic element of a FPGA is the Basic Légdgment (BLE or LE). The logic
element consists of a K-input look up table, a-flgp and a multiplexer (Figure 2). The
k-input LUT is capable of implementing any k-input, output combinational logic
function. A LUT is made of2configuration bits that can be programmed to im@enthe

desired logic function. The flip-flop provides symonous output for the logic function
6



implemented by the LUT. Finally, the multiplexerloaés the selection of the

combinational or synchronous output for the BLE.

From prior research [8], it was shown that it isrenefficient to pack multiple LEs into a
cluster called a Configurable Logic Block (CLB). The sttue of a CLB is shown in
Figure 2.Each cluster contains N LEs. The number N is tylyici, 8, 10 or 16 logic
elements [6][7]. Each LE within the cluster is mt@nnected to each other with fast local
interconnect. The number of inputs to a CLB I nsafler than the maximum K*N because
LEs can share common inputs.The advantages of machkultiple LEs into a cluster
include reducing delay, reducing the amount ofrgdenect required, more dense FPGA

designs and improved CAD compilation runtime.

3 Xilinx Virtex

* Xilinx Virtex Il

> Altera Cyclone, Altera Stratix
® Altera Cyclone I



Routing Architecture

Figure 3 FPGA Routing Architecture [5]

The second component that makes up an FPGA isotiteng architecture. The routing
architecture is responsible for connecting the mégarable CLBs together to form the
overall design. The routing architecture is congaisf three components: wires, switch
blocks and connection blocks [9]. A simplified viefthe routing architecture is shown in
Figure 3. First, wires are the core of the routstgicture. Wires fill the vertical and
horizontal channels in between rows/columns of CUBsommercial FPGAs, multiple
length wires spanning 4, 8, 16 and 24 or greatethan of CLBs [6] are provided for the
different routing requirements of each net. Showees are for local interconnection,
whereas longer wires are designed to connect CaBafart with less delay. Wires can be
can designed to carry signals bi-directionally oi-directionally, although the latter has
been shown to be faster and consume less areaeéntreesearch [10]. The second
component is the switch block. The switch blockroeets vertical and horizontal wires so
that signals can switch directions or extend thgtle of a wire past the length of a segment.

The third component is the connection block. Theneation block connects CLBs to their
8



adjacent wires. In bidirectional interconnect, sivdgtch and connection blocks are often
fabricated using tri-state buffers or pass traossst and controlled using sram
programming bits. In unidirection interconnect, thwitch and connection blocks are
fabricated with multiplexers, tri-state buffers andntrolled using sram. The routing
architecture is the predominant contributor to #RGA die size, speed and power

requirements.

Commercial devices:

Part EP1S10 EP1S20 EP1S25 EP1S30 EP1S40 EP1S60 EP1S80
Logic Capacity 10,570 18,460 25,660 32,470 41,250 57,120 79,040
Channel Width 160 160 160 160 160 160 160

Table 1 Altera Stratix Family of FPGAs [6]

Commercial devices measure the loggpacityof a FPGA in terms of the number of the
number of LES. The routingapacityis measured in terms of the number of routable wir
segments passing between adjacent CLBs. This fiseting capacity is called the
Channel Widthof a device. Commercial devices also contain pligi and memory
blocks that are not within the scope of this w&kmmercial devices are usually offered
as “families” of FPGAs, where the channel width a&ns the same within a family, but the
array size is increased to offer larger logic capecfor different family members. An
example of an FPGA family from Altera is presentedable 1. The latest FPGAs offered

by Altera and Xilinx have logic capacities exceed#®0,000 LEs. [6][7][11]



2.2.FPGA CAD Flow
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Figure 4 FPGA CAD Flow

To develop a circuit for use on a FPGA, designseshigh level languages such as VHDL
or Verilog to describe the circuit behavior. A ningtepped CAD flow is required to
compile the circuit description from the high lel@hguage description to programming

the LUTs and switches of the FPGA. This CAD flowsists of five steps. The first step is
10



synthesis. In this step, the circuit descriptionampiled from the high level language to a
network of Boolean equations and flip-flops. Thatbgsis step is common to both ASIC
and FPGA development. The FPGA specific portiontted CAD flow consists of

technology mapping, clustering, placement and lgraluting. In this section, each step of

the FPGA CAD flow will be presented.

2.2.1.Technology Mapping

The first step in the FPGA CAD flow is technologwpping. In this step, the Boolean
network is mapped to the look-up table size ofRR&A. The goal of technology mapping
is to use as few LEs as possible to minimize lagiage and circuit delay. Technology
mapping algorithms minimize the delay of a cirdaytminimizing thelogic depth which

is the longest path of a circuit. Several technplogpping algorithms are presented in

[12][13][14][15][17][18][19][20][21].

The most notable technology mapping algorithm fBIGR is FlowMap [12][13]. The
FlowMap algorithm was revolutionary as the alganitls able to produce a depth optimal
solution in polynomial complexity time. This algtmm is based on network flow
algorithms using thenax-flow-min-cutheorem. The results reported in [12] shows that
FlowMap produces better critical path and arealtestompared to other technology
mapping algorithms at the time. Follow-ups to thewMap algorithm include CutMap
[14][15] and DAOMap [16] . CutMap improved on Flovad by reducing logic
duplication. Logic duplication occurs during theoWMap algorithm when a node is
encapsulated (duplicated) by multiple LUTs in teehinology mapping solution. CutMap
is able to reduce the number of logic elementsireqy 20% compared to FlowMap

while maintaining depth-optimality in the solution.
11



2.2.2.Clustering

The second step in the FPGA CAD flow is clusteringhis step, the technology mapped
K-input LUTs are packed clusters of size N defibgdhe FPGA architecture. The goal of
clustering is to maximize utilization of the clustesources, minimize delay and to reduce
the amount of interconnect required between clast@lustering algorithms can be
classified into three categories. The most commdgorihms are bottom-up
[8][22][23][24][25]. Bottom up algorithms greedilyuilds each cluster by selecting a seed
LE and growing by individual LEs. The second typelastering algorithm is top-down
[26][27]. Top-down algorithms start with the entitechnology mapped circuit, and
recursively partitions the circuit into bins urgich bin reaches the cluster size. The final
type of clustering algorithm is depth optimal ckrgtg [28][29][30]. Depth optimal

clustering minimizes delay in exchange for moredagse due to duplication.

Bottom up algorithms are the most common categonyleyed for FPGAS, so the bottom
up approach will be discussed in this section.d@ottp algorithms begin each cluster by
selecting a seed LE based on an algorithm spexiterion. The algorithm then iteratively
selects the next most attractive LE using an dttnadunction to add to the cluster. Once a
cluster is full, a new seed is chosen for a newsteluThe process is repeated again until all
LEs are clustered.

slack(b) (1)

Criticality(b) =1-
max_slack

Attraction(b, c) = a * crit(c) + (L- &) * ”ets(b)g nete) ()

A widely cited academic FPGA bottom-up clusteritgpathm is T-VPack [8]. T-VPack is

a timing aware algorithm that aims to minimize btite delay and the number of nets to
12



route. The seed for each cluster is chosen as tis¢ timing critical LE. The equation to
calculate the criticality of an LE “b” is given {i). Additional LEs are added to the cluster
using the attraction function shown in (2). Equat{@) shows that the attraction of an
element c to cluster b is a factor combining thgcality of the LE and the normalizéd
number of nets common with the current clustereotst The weighting factorbalances
the importance of timing versus the number of aésorbed into the cluster. The factor

was experimentally determined in [8] to be 0.75.

Another bottom-up clustering algorithm is IRAC [25RAC is a greedy clustering
algorithm that aims to minimize the number of rtetsoute for the computed clustering
solution. The premise of the algorithm is to encégite as many nets as possible within a
cluster, thus minimizing the number of nets reqliiceroute between clusters. IRAC also
includes a cluster input limiting component complutased on the Rent parameter [31] of
the cluster. The clustering algorithm used for Winigk is an iRAC replica produced for [1].
The iRAC replica excluded the input limiting comjeon due to the limited improvement it
offered. This algorithm was selected for use whil thesis because it produces the lowest

routed channel widths and delay performance condpar@VPack [25].

2.2.3.Placement

The third step in the FPGA CAD flow is placementthis step, the clustered LEs are
mapped to physical CLB locations on the FPGA. Toa gf placement is to minimize
both the routing delays of regular nets and thaydef the critical path. The placement

engine must also be congestion aware to avoid uws@ge of the routing resource, which

" The number of nets in common is normalized torstant G
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could lead to an un-routable solution. There areelyeneral types of placement

algorithms. First, Simulated Annealing (SA) algonits [5][32][33][34][35] are the most
common and based on a hill climbing approach. S&odnalytical Placement algorithms
[36][37][38][39] solve the placement problem byngisystems of equations. Analytical
Placement algorithms are good at finding approx@ntatations for CLBs, but due to the
discretization effects of mapping to an FPGA arthgy often result in overlaps that need

to be removed through additional re-legalizatia@pst Finally, Min-Cut algorithms

[40][41][42] produce placement solutions using piarning techniques. Simulated
Annealing algorithms are the most common in acadeesearch and will be presented in

more detail in this section.
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Figure 5 Simulated Annealing Algorithm

VPR is the academic FPGA CAD tool most commonlyduse FPGA research. The work
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presented in this thesis is developed by extentiady PR simulated annealing placement
algorithm for incremental placement. VPR features aalaptive temperature cooling

schedule and range limiting techniques to prodxcelient placement solutions.

The VPR simulated annealing algorithm is preseimeBigure 5. The first step in the
placement process is to randomly place all CLBs timt placement array. Next, the initial
temperature is determined by performing a numbedesif swaps equal to the number of
CLBs. The initial temperature for VPR is set adiites the standard deviation of the cost

evaluated during the test swaps. The initial rdimgé is set as the length or width of the

devicé.
DC =/ .Tlmlng_.Cost r(- /) _BB_Cost 3)
Previous_Tming_Cost Previous B Cost
timing_cos = delay(i, j) *crit(i, j)¢  (4)

"i,jl circuit

bb cost " netsq(i)[bbx(i) +bb()] (5)

i=1

The simulated annealing algorithm works by perfognnner_numnumber of swaps at
each temperature setting. For each swap, a randove m proposed by swapping the
placement position of two CLBs. If the swap resuita reduction in the placement cost,
the swap is accepted. If swap results in an iner@agost, a probabilistic acceptance is
used based on tiee " where C is the change in cost according to (3) and fiéscurrent
temperature. Accepting bad moves is required fbclimbing to avoid local minimums in
the cost function. Equation (3) is composed ofrthgg a timing cost and a bounding box

cost. The factor is a weighting factor to balance the importancthege costs. Each term

8 Assuming a square array. Commercial FPGAs aramgatar.
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is normalized to the total cost from the previotegation. The timing cost shown in
equation (4) is a sum of the defangt criticality product for each net. The net catity is

defined as (1). The bounding box cost is the suth@Manhattan distance for each net.

After inner_numnumber swaps are performed at each temperatuge,rdre temperature
and range limit factors are updated. The tempezasudegraded using an update factor

As the temperature is lowered during the annegliogess, the <7

term approaches 0 so
that fewer bad swaps are accepted for hill climbiBgth and the range limit are
adaptively adjusted to keep the swap acceptaneeatat44%. The 44% acceptance rate

was shown to be the optimal hill climbing factof43].

< 0.005* cur_cost
num_ nets

t (6)

The algorithm terminates when the exit criteriomist. The equation for calculating the

exit criteria in VPR is presented in (6)

2.2.4.Routing

The final step in the FPGA CAD flow is routing. this step, routing resources are
assigned for each net of the circuit to connecldbie elements together based on the CLB
placement solution from the placement stage. Tla @farouting is to minimize the delay

of the circuit and to avoid congestion in the rogtresources. Routing algorithms can be
classified into two categories. First, two-stepteos [44][45][46][47][48] break down the

routing process into two steps: global routing aledail routing. Second, single step
global-detail routers [49][50][51][52] perform bothe global and detail routing together
as a single step. In global routing, the input-atitpins and the routing channels are

assigned to a signal. In detail routing, each digghassigned to specific routing track

16



within each channel. Two-step routers are usedASIC designs because of routing
flexibilities. Single step global-detail routerseansed for FPGAs due to the limited and

constrained routing resource architecture.

The academic CAD tool VPR [5][32] features a twepstFPGA router using the
PathFinder routing algorithm [50]. PathFinder isit@native routing algorithm based on
cost sharing and track negotiations. During th&ahrouting iteration, all nets are routed
via the lowest cost route. This produces overugspular tracks where multiple signals
are assigned to the same track, which is illegahfimuting solution. For each iteration, all
nets are ripped up and rerouted. Iteratively, tbst of the overused wire segments is
increased so that nets are forced to evaluate sadlifferent routes wherever possible.
The algorithm terminates when there is no more usesrforming a legal solution.
Cost(i)= Crit(i)* delay(i)+(1- Crit(i))* b(i)* h(i)* p(i) (7)
The VPR routing cost function is shown in (7). Tost function to route each net is based
on a combination of two terms. The first term reergs the EImore delay of the wire
segment. The second term is based on the basb(o@gtistory costh(n) and the present
costp(n). The history cost represents a history of how estefd a wire segment has been.
The present cost represents the present cost ta usee segment. The present cost is
increased as the algorithm progresses to discounagreusage of wires. The weighting of
each term is dependent on the criticality of thiecaéculated using (1). Nets on the critical
path will have a criticality factor close to 1. Bason (7), the critical path net will be routed

on the path with lowest delay.

2.3.Incremental Placement Techniques

In a traditional FPGA “full compilation” procese entire CAD flow must be executed if
17



any changes are made to a circuit. To speed uptbcess, our flow takes amcremental
approach: only thehangedo the netlist are propagated through clusterimy@acement,
and a full route is done at the end. For both imenetal clustering and incremental
placement, a “reference solution” computed from pinevious compilation is used to
identify changes and reduce the amount of new wbhks section will briefly describe

both of these steps, but the focus is on increrhpfdaement.

Incremental clustering initially starts with theeprous list of CLBs, a list of unmodified
CLBs, and a list of unclustered logic elements. Thenodified CLBs are the same as
before (they contain the exact same logic elemeitsgontrast, modified CLBs arise
because some logic elements wdetetedby a user logic change. Modified CLBs are
unclustered into its constituent LEs, and theseadded to the pool of new LEs that were

addedby the user logic change.

Incremental clustering proceeds as follows. The adtifred CLBs are kept as-is. Due to
their greedy nature, clustering algorithms suci@Rack [8] and IRAC [25] can easily

treat these unmodified CLBs as an intermediatetisoluand continue grouping the
unclustered logic elements into new CLBs. Sincélighflop locations in the entire circuit

are known, incremental clustering can still idgngfitical paths and remain timing-driven.
Our implementation uses the IRAC replica, sinceridduces good timing results and
requires the lowest channel width for routing. Thestering tool then proceeds to form

new CLBs using the new LEs and LEs from unmodifiadBs

Incremental placement initially starts with the \poais placement of CLBs, a list of

unmodified CLBs, a list of removed CLBs, and adishew CLBs. In the event of multiple
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change$ the list of new CLBs (and removed CLBs) is diddeto a number of sub-lists,
one for each change or each instance. Optionallgctngular floorplan constraint for
each change can be given. If none is providedbthmding box for each “removed CLB
sub-list” is computed and applied as a floorplanstint to the corresponding “new CLB

sub-list”.

Incremental placement proceeds as follows. The wiifired CLBs are re-placed in their
previous location to preserve “spatial locality&., physical closeness to their connected
neighbours. For each “region” of change, the plaa@nocations previously occupied by
the removed CLBs are now left empty, thus leavihgevspace for the new CLBs. For the
new CLBs, two cases must be considered. If thexdeaver new CLBs, they all fit in the
white space left behind and placement is “trividlie second case to consider is when the
new CLBs exceed the removed CLBs. Since theresigficient room, unmodified CLBs
mustbe moved to make room or new CLBs will be placad gway. This is the key
problem to solve for incremental placement. To naam placement locality, most
incremental placement algorithms temporarily allowerlap, which is when multiple
CLBs occupy the same physical location. Overlapltesn an illegal solution which must
be fixed through a lengthse-legalizationstep. Instead, iPlace immediately shifts other
CLBs out of the way and continues. This is callegdamsion. By the end, CLBs are often
pushed past of the limits of the array, which isoallegal. iPlace then re-legalizes by
compacting: it forcibly shifts available whitespaaeng the edges to where it is needed,
thus making room for the illegal CLBs. Finally, sHegal placement is refined through

annealing.

® Due to component re-use, multiple instances o§émee circuit are treated as multiple

changes.
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Incremental placement algorithms have not beenlwigéblished. Cong and Sarrafzadeh
[53] give high level overviews of the problems asated with incremental CAD,

including placement. They note two separate nemdadremental placement: to optimize
an existing good placement for a new metric, oti@andling the addition and removal of

logic or nets. iPlace is designed for the latteragion.

Previously published algorithms for incrementalcglment in FPGAs include work by
Singh and Brown [54], Suaris et al [55] and Togatal [56]. Both [54] and [55] are
intended to be used with physical resynthesis sstwith timing closure, while [56] is a

congestion- driven approach. A comparative sumrfalyws.

The Singh and Brown placer, ICP [54], is primafdgused on improving timing through
small netlist changes, such as retiming registaranoAs a result, it operates on changes at
the logic element (LE) level. Initially, ICP allovedl LEs to be assigned to their preferred
location, which may be illegal, for best timing feemance. Then, it iteratively moves
each LE, using a negotiation similar to PathFinttelegalize conflicts and reduce timing
and estimated wiring costs. It considers individuBl moves, and evaluates the cost of
each one. Since it considers only a small numbenafes, it is about 8 times faster than
VPR. In contrast, iPlace is about 60 times fastantVPR because it operates at the CLB
level and does not evaluate individual move codterwresolving illegal placements.
Instead, iPlace presumes that shifting imposesngnmai cost penalty during legalization

and uses simulated annealing at the end to impyowecover lost quality.

Suaris et al present an incremental placer inradveork called IPR [55] which has very
20



similar goals and operation to ICP. However, IPBsuguadratic placement to assign initial
placements, which also results in overlaps. Lik®, IPR also performs individual LE

moves and evaluates the cost of each one duriradizagon — however, the IPR costs
appear to be entirely timing-driven. No run-timsuks were reported for IPR; hence it

cannot be directly compared to iPlace.

Togawa et al present a congestion-driven increrh@haer [56] that shifts overlapping
individual LEs to reduce global routing capacityavoids increases in channel width for
up to 20% changed LEs. In contrast, we have obddhad iPlace can tolerate changes to

2/3 of all CLBs without inflating channel width,itical path or wirelength.

Previous work on incremental placement for standetld includes papers by Choy et al
[57],J. Lietal [58], and Z. Li et al [59]. Thed algorithms in [57] insert one cell at a time
by computing the most desired location and the gtwest shift sequence of the nearest
empty cell. The approach in [58] eliminates ovebgshifting entire floorplan rectangles;
however, it assumes significant whitespace gapsd®st rectangles. The approach in [59]
inserts one cell at a time into optimal positiongd @ach time it legalizes by solving an
integer programming problem that determines howvslitt the fewest cells the least
distance. Both [57] and [59] are meant for very kmetlist changes and would likely be
too slow for use within iPlace. If an original fiqguman is available, [58] would be useful.
However, iPlace does not presume any floorplanring constructs its own floorplan

constraints using information from the changed elets

The final type of incremental placement algorithans commercial tools such as Altera’s

Quartus Il and Xilinx’s ISE. These tools also suppaecremental compilation. The tools
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have an advertised speedup of 2-3 times for theeedAPGA CAD flow when comparing
an incremental compilation versus a full compilatid’he details of the algorithms

employed by the commercial tools are proprietay ot known in detail.

The approaches taken by previous incremental dfgosi all involve solving the problem
of overlaps. The algorithms start with an initiasbbut illegal placement, then iteratively
resolves the illegal locations using different sulke until a valid placement is produced.
In comparison, iPlace approaches the overlap pmobfe a novel manner. Instead of
allowing overlaps in the first place, a CPU effidishifting scheme is used to shift entire
rows or columns of CLBs to create more white sgacesertion. The shifting is followed

by a fast and tuned simulated annealing (VPR) ocuroptimization.
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2.4.Fast Placement Techniques

In addition to incremental placement techniquest fdacement techniques can also be
considered for incremental placement. Fast placerreahniques sacrifice quality in
exchange for faster run time. Several fast placéreshniques by Hauck et al. [60],
Sankar et al. [61] and Tessier [62] evaluate diffieralgorithms and tradeoffs for faster

placement.

Hauck et al. [60] presents several fast placemeabniques including partitioning,
force-directed and simulated annealing algorithfing techniques were evaluated by their
run time versus critical path quality tradeoff. Tinest quality results were achieved with
simulated annealing (VPR). To reduce run-time,itimer_numparameter was varied to
reduce the number of swaps. By reducing the ruestitrwas found that a 20 times speed
up resulted in a 2x increase in critical path. dsvalso found that a 2.5 times speedup had a
1.34x increase in the critical path. Force-direcpddcement techniques had similar
run-time trade offs as simulated annealing. In camnspn to iPlace, iPlace is capable of
60x speedup with no quality degradation. The apgroaf reducing thdnner_num

parameter to reduce run-time is common betweendf@]iPlace.

Sankar et al. [61] presents a fast placement tqalerbased on multi-level clustering and
fast simulated annealing refinement. The algoritperforms recursive bottom up

clustering to form clusters of CLBs. After eachg&taof clustering, each cluster is
internally placed constructively and refined usangtuned simulated annealing algorithm
(VPR). Although only wire-length results were pretsel, the tool produced better quality

results compared to VPR (non-timing driving) indst” mode with similar run time.
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Tessier [62] presents the Frontier fast placememstesm used in conjunction with
pre-fabricated macro blocks. The Frontier approackimilar to Sankar et al. where
clustering is used to group CLBs [macro blocksHoontier] prior to simulated annealing
refinement. The Frontier system was designed toepiroups of pre-placed CLBs as
macro blocks. The Frontier system has a reportedsp@edup compared to commercial

Xilinx software.

In summary, fast placement techniques employ &tyadf different methods to speed up
the run-time. One common attribute to all threeoatgms is the use of a retuned, fast
simulated annealing (VPR) refinement scheme to awpmuality. This approach is also
adopted by iPlace to refine the incremental placgrselution after the expansion and
compaction phases. The run time of these fast ihgas are comparable to iPlace. The
main difference is the quality of the placementsdpiced. iPlace is able to produce
placement solutions dsgh quality as complete placement from scratch. In ganson,

the fast placers trade the decreased runtime vgtiificantly reduced quality.
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3. iPlace Algorithm

This chapter provides an in depth explanation & tRlace algorithm. The iPlace
algorithm is a 4 step approach to incremental phece. The core idea of the placer is
based on spatial locality. If an element was presfip placed at a particular location, then
it is very likely that it should be placed at theaet same location (or nearby) after the
circuit has been modified. A second paradigm engdoly iPlace isimplicity. iPlace

avoids the use of heavy computation for the firse¢ phases, and only uses limited
annealing to cleanup the final solution. The lidditeise of annealing or other
computational intensive algorithms is key to iPlageerformance. The four phases of

iPlace are as follows:

Initial Placement and Floorplanning
Super-grid Expansion Placement
Compaction (Re-legalization)

Refinement by Low Temperature Annealing

PowpbpPE

The iPlace algorithm is implemented in the VPR fearark. Three inputs are required for
the incremental placement process. The first irgoan initial placement from the “before”
circuit state. The second input is feoorplan or rectangular region identifying

approximately where to place the changed elem@ims.third input is the modified or

“after” circuit state. iPlace identifies which CLBsemodifiedand which areinmodified

by comparing the first and third input data.
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3.1.Initial placement
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Figure 6 Initial Layout

The first phase of iPlace is to provide an inipédcement for alunmodifiedCLBs by

examining the placement solution of the “beforeftait state. This step is pictorially
shown in Figure 6. The labelled cells representadfifred CLBs; these are initially placed
in their previous placement locations to maintapatgl locality. The hashed cells
represent CLBs that have been modified. Theseesan®ved from the initial placement,

leaving holes to be filled in later by theodifiedCLBs.
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3.2.Floor-planning

The holes left behind by the removed elements laethe basis for floor planning. The
argument is that any modified CLBs should be plashére the holes were created to
preserve spatial locality. iPlace is actually cdpatf handlingmultiple modification
regions.For each hole left behind by a group of modifiddBE, a floorplan rectangle can
be generated to guide the replacement CLBs intosghecific region. For the example in

Figure 6, a floorplan rectangle is generated atioa (4, 3), with a size of 2x2.

In this thesis, we are not overly concerned with precise method of identifying a
floorplan region as part of the incremental placetregorithm. Floorplans can also be
constructed with the following methods. First, CA@ols already allow designers to
floorplan the usage of a device. These constraiats be translated into incremental
floorplan regions based on the modifications madethe circuit. The use of design
hierarchies and SOC methods can also be usedatedleorplan regions. The placement
region of each component in the hierarchy can leel s dictate the region specified for
incremental changes. Finally, incremental placenmeqtired for iterative re-synthesis
CAD flows are also supported by iPlace. Algoriththat target constraints such as the
most congested regions can directly translate &éisynthesized areas into floorplan

constraints.
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3.3.Expansion
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Figure 7 Super-grid Expansion Pseudocode

The second phase of iPlace is the insertion ofrtbdifiedCLBs into the placement grid.
Each modified CLB is associated with a floorplagioa. The floorplan is used give a
rough initial location or area where the modifiedBCshould be placed. The number of
modified CLBs could exceed the number of free spasmilable in the floorplan area. In
the expansion phase, a CPU efficient shifting se&hsnused to overcome the limitation of
insufficient placement locations. This phase idechl'expansion” because the shifting
allows CLBs to be shiftedutsideof the normal placement area. This increasexpands

the placement grid to create more room. We caltélsalt a “super-grig which includes

the original placement area and all of the outai@das. Precise pseudocode for this step is

shown in Figure 7. The algorithm will be explairegifollows using an example.
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Figure 8 Super Grid Expansion

Referring to the example started in Figure 6, thésc4, 5, d4 and d5 were marked for
removal. These cells will now be replaced with £ell to i7. Note that only four free
locations are available, but seven new blocks néedse placed. Blocks il to i4 are
randomly placed in the free locations without issti@wever, there is insufficient room for
blocks i5 to i7. To solve the problem of insertimmgre elements than the amount of free

space available in the floorplan region, we usetaal placement grid called a super-grid
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that is larger than the physical FPGA size. Ifrdagion runs out of space, CLBs to the right
of the region are shifted right by 1 CLB locatiardahe floorplan rectangle is increased in
width by 1. This is shown in Figure 8, where c6 dbdre shifted right to make room for i5
and i6. Once the right side is fully shifted bydsiion, the algorithm switches to shifting
CLB columns on the top side by 1 position upwatls; is shown in Figure 8 where a5 is
shifted up to make room for i7. Whenever needee stpergrid size array is increased,
adding additional rows and columns. Note that édolcations just shift outwards but are
not reordered or increased in number. The supdraiows the algorithm to shift CLBs to
locations outside of the normal placement area. This avoids the rfeedcadditional
calculations to re-shuffle free spaces within aitiah placement area, but preserves the
relative placement of most CLBs with the intent of benefitfrom the original spatial

locality.

Figure 9 Multi-region floorplan handling

Since iPlace is a multi-region incremental placenadgorithm, it must be able to handle
multiple floor-planned areas supporting overlapd expansion of each area individually.

To maintain placement locality, the shifting pagadidoes not move any affected floor
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plans when shifting is required. Instead, all afelcfloor plan regions increase in size
along the shifting rows or columns. This idea iagnically illustrated in Figure 9. Two

floor planned areas named i and j are shown. Hegsteent region i was to expand upwards
by 1 row, floorplan j becomes affected. Insteatho¥ing the entire region j upwards, only
the required columns are shifted up (j1 and j3)hBegions i and j increase in size by 1
vertically. Note that regions i and j now overl@pe free element introduced is common to
both regions i and j. If region j required more @pat can take advantage of the shifting

done for region i and use the newly created freations.

Observation 1: The shifting paradigm is CPU efficient. It does need CPU intensive
cost function calculations or any sort of iterafiveation evaluation. The algorithm evenly

distributes the expansion across the four sides.

Observation 2: The amount of shifting required to expand a regsoquite modest. For
example, to expand a 5x5 CLB region by 20%, onlg shift on one side is required to
make it 5x6. The limited shifting maintains placemmcality and does not significantly

disturb the overall relative ordering of CLBs iretariginal placement.
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3.4.Compaction

Figure 10 Compaction Regions

The third phase of iPlace is to re-legalize the@taent. After the super-grid expansion
phase, there could be CLBs located outside of égallplacement area defined by the
FPGA array size. One method to re-legalize all CidBB& use an annealing algorithm.
However, this is a slow process and does not gtesatiat all CLBs will eventually
converge to legal areas. Instead, we propas@pleandfastsolution called “compaction”

to overcome this problem. Note that the super-gait be partitioned into 9 sections like a
“#” sign, with the legal placement area at the rnthis is graphically shown in Figure 10
where “R” represents the Regular placement aremep&sents Side and C represents
Corner. This leaves four corners and four sidésatadle. The algorithm works by shifting
all of the free space (empty CLBs) spread throughwikggal placement region to one end.
The algorithm performs horizontal followed by veati compaction to move free space to

the required side (or vice versa for different sas€or the four corners, compaction is
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done to move the space to the corner. For the dmle cases, the free spaces are first
percolated to the required side. A centroid posittocalculated to estimate where the bulk
of the illegal cells are located. The free spaaified to the centroid location to preserve
locality. The centroid location is calculated ae thedian position for all illegal CLBs
located on the side under consideration. Followtognpaction, the illegal cells are
randomly re-inserted into the legal free space. Peeudocode for the compaction

algorithm is shown in Figure 11

Figure 11 Compaction Pseudocode
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Figure 13 Final Legalized Solution
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Continuing with the example from Figure 6 and F&@, the compaction process is
graphically shown in Figure 12. The block a5 idegalized by compacting the free space
from the top left corner. Note that the free spa&e percolated from the top left corner to
the locations below a5. The cells c6 and d6 adegalized by first compacting the free
space from the bottom left hand corner. This patesl the free space to the bottom right
hand corner. Next, cells e5 and e6 are compactaswlards to the bottom right hand

corner. The final legalized solution is shown igutie 13.

3.5.Refinement

After the compaction step, we found that the avetagunding box and critical path delays
were not ideal. In most cases, the bounding bokrepsrted by VPR was 20% larger than
a full placement from scratch. The estimated @aitpaths were also 10% higher. To refine
the solution, we added a low temperature anneali@y to iPlace. The refinement phase
must not disturb the spatial locality property ti&ace is based upon, but must also be
able to perform limited hill climbing to optimizé¢ modified CLBs. To accomplish this
task, we re-tuned various parameters within theisitad annealing algorithm of VPR. To
limit hill climbing, theinitial temperaturewas lowered so that fewer “bad” swaps would
be accepted. To maintain spatial locality, theahwindow rangewas lowered to focus the
swaps within a more localized area. To reduce amdral the runtime, the number of
swaps per temperature range faatorer_numand the temperature degradation factor

alphaparameters were also tuned.

The initial temperature was selected as the fid®t dacceptance rate cross over point
during the baseline initial placement. The 44% ptarece rate threshold was chosen based

on previous work in [43].
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Figure 14 Channel Width tradeoff versus Alpha and Nimber of Swaps (S)

Figure 14 shows the channel width quality tradevefus temperature degradation (alpha)
and the number of swamsner_num (I)humblocks per temperature range. At very low
alpha factors, substantially more swaps are requaeefine the solution. Very low values
represent a rapid cooling schedule. Even withgelanumber of swaps, low alpha ranges
are unable to produce high quality solutions. Thera 10% channel width degradation
when comparing an alpha of 0.95 versus an alpl@e0&f for a swap multiplier S of 10. A
more substantial 50% degradation is observed whesipha value of 0.05 is used with
value S of 1. For the refinement stage of iPlacegreservative alpha factor of 0.45-0.50
and aninner_nummultiplier N of 1 to 3 would suffice to producehah quality channel

placement with respect to channel width.
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Figure 15 Critical Path tradeoff versus Alpha and Nimber of Swaps (S)

Figure 15 shows the critical path trade off veralipfia and number of swaps N. The figure
shows that the critical path is somewhat noisywimying values of alpha. The reasoning
behind this could be explained by the rapid cookfigct for lower values of alpha. If

insufficient hill-climbing is performed, then thelation could be easily trapped by local
minimums. This is especially important becausea®lbases the incremental solution on
prior placements. If the previous solution was grmsto begin with, the incremental

placement could be greatly affected. From FigureFigure 15 and other tuning trials (not

shown), it was determined that an alpha value ©bd.above produced the best results.

The final tuned parameters after simulation weretbto be the following:

Initial temperature of 44% acceptance rate fronvipres placement
Initial window range of 12.5% of the FPGA width

Temperature degrading fact@phaof 0.7

Number of swaps per temperature rangeer_numof 1 to 3
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Based on the tuning, the refinement phase optinttreplacement and produces a high
guality result that is comparable to a full placemdhe run-time is also very short, and is

controllable via thenner_numparameter.

3.6.Additional Tuning Considerations
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Figure 16 Channel Width versus Run-time Trade dffl@vtuning iPlace

o " VPR Baseline —<—
iPlace Post-Compaction Refinement Phases Only --f=+-- 7]
iPlace Pre and Post Compaction Refinement Phases ---&---

8.1 | —

79

78

7.7 —

Relaxed Critical Path (ns)

7.6 E

7.5 L
10 100 1000

Run time (s)

Figure 17 Critical Path versus Run-time Trade dffle/tuning iPlace
During the design and tuning of the iPlace algomitithe amount of refinement using
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simulated annealing was considered a crucial paeamEhe refinement stage makes up
the bulk of the runtime but is required to prodtlee highest quality solutions. During the
design and tuning of iPlace, it was also considésdthve an additional refinement stage
in between the expansion and compaction stagesgadaleof this additional refinement
stage was to reduce the amount of illegal CLBstixtautside of the legal placement area.
The hope was that with fewer illegal CLBs, the antoaf compaction required would be
minimized. The pre-compaction refinement stage ulsedame tuning parameters as the
post-compaction refinement stage. The initial terapge was lowered to the 44%
threshold,alpha was reduced to 0.7 and ther_numparameter varied from 1 to 2 to

control the run-time. Tuning was done with 60,000TLsynthetic circuits produced for

[1].

Figure 16 and Figure 17 shows the channel widthcaitidal path versus run-time trade off
of having the additional refinement stage befomagaction. Figure 16 shows the addition
of the pre-compaction refinement stage does helpvier the minimum routable channel
width. However, increasing thener_numparameter for the post-compaction refinement
stage can make up for the loss of the pre-compacgbnement phase. The crossover
point at 100 seconds shows that the post-compastage alone can still achieve the same
results as having both the pre and post compacgbnement phases but with faster
runtime. Figure 17 shows the critical path versustime for the same comparison. There
are no notable quality differences for the critipalth results with the addition of the
pre-compaction refinement. Based on these resiltg/as decided to only have a

post-compaction refinement stage.
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3.7.Algorithm Conclusions

This chapter has presented an incremental placesgorithm iPlace to be used as part of
an incremental CAD flow. The iPlace algorithm wassigned based on the principles
spatial locality and efficient shifting algorithmshe four steps to the iPlace algorithm
include initial placement, controlled expansion,mgaction and retuned simulated
annealing refinement. The initial placement phasegs all unmodified CLBs at their
previous placement locations. The expansion phass floor-planning and shifting to
place all modified CLBs into an expanded placemgnt. The compaction phase
re-legalizes the placement also by shifting. Findhe refinement phase produces a high
quality incremental placement by cleaning up thterimediate solution with a fast and

retuned simulated annealing algorithm.

3.8. Algorithm Limitations

iPlace currently does not take into account thatroercial FPGAs have carry chains and
hard macro blocks such, memories and multiplien& durrent version of VPR is unable
to model such constraints. This section will pré$ew we envision handling these cases

in the future.
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Macroblocks, Memories and Multipliers:

Figure 18 Stratix Il FPGA layout [63]

The layout of macro blocks are usually arrangeehagise columns in the FPGA array. This
is graphically shown in Figure 18 with the layofiba Altera Stratix I| FPGA. One way to
handle these cases is to divide the placementigodmultiple vertical stripes of CLBs.
Each stripe is bounded on the left and/or rightagd macro blocks. By partitioning the
FPGA into multiple stripes, each partition can besidered separately for the shifting and
super-grid. Other shifting constraints can alsorbposed on the shifting algorithm to

handle limitations such as the input positionsh®rmacro blocks.
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Carry Chains:
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Figure 19 Handling Carry chains

The second constraint currently not handled byc#la carry chains. Since carry chains
must remain tightly connected, the shifting procemsnot destroy these placements. A
potential solution to this problem is to lock dotine position of carry chains. Taking into
account the modest shifting requirements notetienshifting algorithm, it is possible to
fix the carry chain placement location and shié glements over the carry chain. This is
graphically shown in Figure 19. A pre-existing gacthain spans CLBs b1, b2 and b3. An
incremental placement region is shown as the baumdx. If the region needs to be
expanded to accommodate more elements, the floogala be expanddzeyondhe carry
chain The resulting placement does not disturb the ceanain but still allows for the
expansion paradigm. The implementation and evalnaif these suggested changes are

left for future work.
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4. Results

This chapter details the experimental setup andrébkalts obtained when incremental
placement is performed using the iPlace algorithimst, an overview of the experimental
goals will be presented. Second, the experimentalgss and setup will be outlined. Third,
the benchmark setup and results for the SingledRe§iynthetic benchmark (SYN) set
will be presented. Fourth, the benchmark setuprasdlts for the Single-Region Physical
Re-Synthesis benchmark (PR) set will be presentet, Multi-Region Physical

Re-Synthesis benchmark (MR) set will be presenfdds chapter concludes with a

summary and discussion of the results for increalgriacement using iPlace.

4.1.Experimental Goals

Incremental Placement Runtime

The main goal to measure for iPlace is the placeérRen-Time (RT) of the algorithm.
iPlace is an incremental placement algorithm tadjet reducing the placement run time
for iterative development. The main point of comgam will be the runtime required for
the baseline VPR toolset to perform a placementtisol using default options. In addition,
the runtime of the VPR tool set using reduced-dqualkttings “-fast(inner_num=21)and
“-superfast”’(inner_num=0.125)nodes will be contrasted. The “-fast” mode is ad#ad
option available in VPR. The “-superfast” mode wiaseloped in this thesis to compare

results against very fast placement.
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Minimal Routable Channel Width

The second quality to measure for iPlace will be khinimal Routable Channel Width

(MRCW). The MRCW quality signifies the routabiligality for a placement. This is an
important factor to consider because commercialAB€vices have fixed channel widths.
If a bad incremental placement solution is credtgd,could lead to higher channel width
requirements that cannot be satisfied by the deVicaletermine this quality, iPlace will

be compared against VPR in default, “-fast” andifyerfast” modes.

Relaxed Critical Path

The third quality to measure for iPlace is the xeth Critical Path (CP). The relaxed
critical path is determined by routing the placetsiution at 20% above the minimum
routable channel width. This ensures that no pastiof the FPGA are severely routing
congested to obscure the true critical path. Thieakpath of a circuit is the longest delay
path that a signal has to traverse from an inpudrtcoutput or between synchronous
flip-flops. The critical path determines the clospeed of a circuit, and thus its
performance. To determine this quality, iPlace Wwél compared against VPR in default,

“fast” and “-superfast” modes.

Placement Stability

The last quality to measure is placement stabHtgcement stability is a measure of how
much the placement has been modified from the ‘fleéfdrcuit state to the “after” circuit
state. There is no standard way to measure thigiesioave decided to measure the total
Euclidean distance traveled in the array (“befopesition to “after”) by all of the
unmodifiedCLBs. The goal of placement stability is to shiwattincremental placement

using iPlace results in a placement closely resemlbhe initial placement solution.
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If an unmodified CLB remains in the same locatiorthe “after” state, the cost for that

CLB is 0. For VPR placement from scratch results,also considered that the array is
perfectly symmetrical, so we computed the distacmst total from all possible initial

orientations (rotates and flips) of the initial gganent and took the lowest total distance.
For the iPlace results, we kept only the originaémtation. The results presented for
placement stability will beaormalizedto a “unit distance” measurement. The unit distanc
is a summation of the Euclidian distance for altrodified elements if each element

traveled 1 unit horizontally and 1 unit vertically.

The placement stability quality will be presented the Single-Region Synthetic and
Physical Re-synthesis benchmarks. It will not bespnted for Multi-Region Physical

Re-synthesis benchmarks because significant perobthe circuit are modified.

4.2.Experimental Baseline

The iPlace incremental placement CAD flow is impésted as part of the academic tool
VPR [32] and TVPack. TVPack has been modified wude the iRAC [60] clustering
algorithm along with the ability to perform incrental re-clustering. The benchmark flow
consists of the following parameters and settings:

Initial benchmark circuit clustering using the iRAorithm

Initial high-quality placement using VPR in defamibde

Single-Region Synthetic benchmark set from Secti@n

Single-Region Physical Re-Synthesis benchmarkreet Section 4.3

Multi-Region Physical Re-Synthesis benchmark sanhfSection 4.4

FPGA architecture with LUT size (k = 4), clustezesiN = 10), wire length (L = 4),

all buffered (bi-dir) routing, TSMC 180nm [64] (P&dd SYN benchmarks)
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FPGA architecture with LUT size (k = 6), clustezes(N = 16), wire length (L = 4), all
buffered (bi-dir) routing, TSMC 180nm [64] (MR bdmoark)

VPR flags: —verify_binary_search —pres_fac_mult 4m3ax_ router_iterations 100,
relaxed run change: —pres_fac_mult 1.1

Run-times are for placement only; initializatiomé is excluded

The benchmarks were incrementally re-clustered bgpkg the original clustering
solutions for the unmodified CLBs and incrementa#iyclustering the modified LEs into
modified CLBs. IRAC was used for all clustering ese it produces the lowest routed
channel widths and delay performance compared tBack [25]. The location of the

removed CLBs was used to produce a floorplan rgttaas additional input to iPlace.

The CAD flow used to measure the quality of thaenwental placer is as follows. The
baseline circuits are first clustered using iRAGeTlustered circuits are then placed using
the default settings of VPR to obtain a high gyaliitial placement. Using this initial
placement and the floorplan from the benchmarkudigeneration process, iPlace is used
to incrementally re-place the benchmark circuite placement speed of iPlace was varied
by setting thenner_numannealing parameter to 3, 2.5, 2, 1.5 and 1. Laakres result in

faster annealing times, but this does not sigmifigaaffect quality.

For comparison, a placement from scratch was adogned using VPR. Thaner_num
parameter was swept with values of 10, 1, 0.5, @r#50.125. Reducing this parameter
reduces the number of swaps that are performeacattemperature. Amner_numvalue

of 10 is the “default” value for VPR. Amner_numvalue of 1 is the default when VPR is
invoked with the “—fast” placement option. This g@uzes slightly lower-quality

placements but increases run-time nearly 10 til@gw “-superfast” option was created
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by setting thenner_numparameter to 0.125. Various other VPR parametais as initial
temperature, range limit etc. were also studieddtermine the reduction of run-time
versus placement quality trade-off. It was foundt treducinginner_numprovides the

most graceful degradation of placement quality wgrsin time improvement.

The results presented in this chapter consist efrtimtime, minimum routable channel
width, relaxed critical path and a placement siigbinalysis. For every placement
generated, the VPR binary search routing optionimeasked to determine the minimum
routable channel width. The relaxed critical patiue was determined by routing the

placement with 20% more channel width than the mimn required.

All of the simulations were executed on a dedic&edtium 4, 3 GHz server with 512MB
of RAM for each joB°. Additional memory was not required for the sizéhe benchmark
circuits. Every placement was executed 5 times @ikfferent random seeds to reduce the
noise in the results. Each datapoint result preserst an arithmetic average of these 5

executions.

19 Jobs were executed on Westgrid's Glacier cluster scheduled according to the
torque queuing and load balancing system
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4.3.Single-Region Synthetic Benchmarks

4.3.1.Benchmark Formulation

The single region synthetic benchmark set is desigio test the performance of the
incremental placer with incrementally modified loglhis benchmark set is generated by
selecting a subset of a circuit and replacing thiesst with a synthetically generated

replacement. The synthetic generation and replaceptecess is discussed in [3] [4].

The process for selecting which elements shouldnbelified is based on the initial
placement of the baseline circuit. A random rectdangregion is selected and the CLBs
from that region are removed and replaced withrdahgtic clone circuit. Three different
versions of the benchmarks were generated by sedearteas of 2.5%, 5% and 10% of the
total CLBs and replacing them with synthetic cloakeglentical size. For the 2.5% and 5%
cases, an additional circuit was generated by dogithe number of CLBs in the
replacement clone. In total, this produced 5 “&ftacuit states for each original circuit.
The 2 doubling cases with 2.5% and 5% more logicewdesigned to test the iPlace
expansion and compaction schemes. The floorplanthisr benchmark is the region

selected for re-synthesis.

Original Synthetic 2.5
#CLB New # CLB CLB
CLMA 839 839 25
EX1010 107 107 2
MISEX3 140 140 3
PDC 458 458 15
SPLA 369 369 9

Table 2 Synthetic 2.5 Benchmark Characteristics
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Original Synthetic 5
#CLB New # CLB CLB
CLMA 839 839 49
EX1010 107 107 9
MISEX3 140 140 9
PDC 458 458 25
SPLA 369 369 22

Table 3 Synthetic 5 Benchmark Characteristics

Original Synthetic 10
#CLB New # CLB CLB
CLMA 839 839 99
EX1010 107 107 15
MISEX3 140 140 15
PDC 458 458 49
SPLA 369 369 49

Table 4 Synthetic 10 Benchmark Characteristics

Original Synthetic 2.5d
#CLB New # CLB CLB
CLMA 839 899 109
EX1010 107 107 5
MISEX3 140 140 9
PDC 458 490 57
SPLA 369 408 64

Table 5 Synthetic 2.5d Benchmark Characteristics

Original Synthetic 5d
#CLB New # CLB CLB
CLMA 839 967 227
EX1010 107 122 26
MISEX3 140 158 33
PDC 458 525 116
SPLA 369 440 120

Table 6 Synthetic 5d Benchmark Characteristics

Table 2 to Table 6 summaries the statistics fartsst of the synthetic benchmark circuits
created. The circuits Synthetic 2.5, 5 and 10 lagesame sized clones for 2.5%, 5% and
10% rip out areas. The circuits synthetic 2.5d addepresent the 2.5% and 5% cut out
regions that are replaced with double the numbéEgst The table shows the total number

of CLBs for each of the original circuits, the nesvmber of CLBs after the synthetic
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process and the number of changed (delta) CLBs Aémchmark set demonstrates how

iPlace can produce high-quality incremental placemafter design changes are made.

The synthetic benchmark process was executed fof @ largest MCNC circuits. In this
section, the results for a sample of 5 circuitsenslected to show the effectiveness of
iPlace on a variety of circuit sizes. The full setgesults for the 20 MCNC circuits are

provided in Appendix A.

4.3.2.Runtime Results

Sgir:ihu?tt'c Syn-25 Syn-5 Syn-10 Syn-2.5d Syn-5d

CLMA 720 708 735 80.3 70.0

EX1010 776 750 _ 77.0 69.0 76.2

MISEX3 : i ; i i

PDC 806 640 687 844 681

SPLA 757 555  44.8 84.0 51.2
Geometric Mean: 70.1

Table 7 Runtime Speedup of iPlace relative to VPR d&ult settings

Synthetic
Circuit Syn-25 Syn-5 Syn-10 Syn-2.5d Syni5d

CLMA 8.3 7.9 8.1 8.9 8.2
EX1010 9.2 8.6 8.8 8.2 8.8
MISEX3 - - - - -

PDC 9.8 7.0 7.0 10.2 7.9
SPLA 8.7 6.8 5.0 9.7 6.0

Geometric Mean: 8.0

Table 8 Runtime Speedup of iPlace relative to VPR fast” settings
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Sg:ihu?tt'c Syn-25 Syn-5 Syn-10 Syn-2.5d Syn!5d

CLMA 1.7 1.8 1.7 1.9 2.0

EX1010 2.2 20 20 2.0 2.2

MISEX3 i i i i i

PDC 22 18 20 2.6 1.9

SPLA 23 15 1.2 3.0 15
Geometric Mean: 1.9

Table 9 Runtime Speedup of iPlace relative to VPR Superfast” settings

The runtime speedup achieved with iPlace when coedper VPR in default mode is
shown in Table 7 . iPlace is 51 to 84 times fatan VPR in default mode. There is a
significant run time improvement when incrementakcpment via iPlace is used. Table 8
and Table 9 show the speedup comparing iPlace B“Bst” and “-superfast”. There is a
geometric mean speed up of 8.0 and 1.9 for “-fast “-superfast”, respectively. It should
also be noted that there is no significant slow midar the increased size 2.5d and 5d
circuits. The run-time overhead incurred by the espan and compaction phases are
negligible compared to the overall execution tifatries with a *-* represent run-time
results that wereoo fastto be measured reliably (<200ms), so they aretechitom the

table.
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4.3.3.Channel Width Results
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Figure 20: Minimum Routable CW versus Run Time for CLMA, Synthetic
Figure 20 shows the minimum routable channel wikhsus placement run time for
CLMA in the synthetic benchmark set. A channel Wwidtegradation of 15-20% is
observed with VPR as the run timar(er_num)is reduced. In contrast, iPlace produces
consistently high-quality solutions. The channelthadfor iPlace exceed or are equivalent
to default VPR but with 2 orders in magnitude lessuntime. The main conclusion from
Figure 20 is that the iPlace curvelgiaysbelow the VPR curve. This means that iPlace is
always able to produce better solutions than placenfrom scratch using VPR. The
results were similar for the other benchmark citcuFull channel width results are

provided in Appendix A
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4.3.4.Critical Path Results
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Figure 21: Relaxed Critical Path versus Run Time foCLMA, Synthetic

The relaxed critical path results for the Synth&@ldVIA benchmark set is presented in
Figure 21. The plot shows that there is a slighticali path degradation (<2%) when
comparing iPlace to VPR. When considering the twaecs of magnitude less in run-time
for iPlace, it is a small trade off for quality ges run-time. The overall results for all 20
MCNC circuits (Appendix A) show that the criticahtp results are on par for iPlace
relative to VPR. There is less than 1% degradatitich is within error margins. It should

also be noted from the previous section that VPRedticed run-time had significant

channel width degradation. Because the relaxetaripath is calculated by routing the
circuits at 120% the minimum routable channel widtRR at lower run-times had even
moretracks to route with. If the faster VPR placememése routed at the same channel
width as iPlacE, the VPR placement solutions would have to trafdemitability for

higher critical path delays.

11 commercial devices have a fixed channel widths
53



4.3.5.Placement Stability Results

Syn 2.5 Syn 5 Syn10 Syn25d Synb5d [GeoMean
clma 241 2.64 2.05 5.24 3.66 3.02
ex1010 2.36 1.96 2.47 2.84 2.86 2.48
misex3 1.78 2.33 1.72 1.80 2.62 2.02
pdc 4.01 3.09 2.24 4.64 4.41 3.55
spla 3.09 3.77 4.63 3.83 5.27 4.05
[Geomean 2.93

Table 10 Average Displacement Results for SynthetBenchmark Circuits, Baseline

VPR Default
Syn 2.5 Syn 5 Syn10 Syn25d Synb5d |GeoMean

clma 2.73 2.69 2.72 3.19 3.98 3.02
ex1010 1.53 1.60 1.52 1.88 1.50 1.60
misex3 1.35 1.47 1.47 1.50 2.14 1.57
pdc 2.11 211 2.14 291 3.05 2.43
spla 1.66 1.69 1.87 2.30 2.91 2.04

[Geomean 2.06

Table 11 Average Displacement Results for SynthetBenchmark Circuits, iPlace

The placement stability results for the single ragignthetic benchmarks are presented in
Table 10 and Table 11. The results for VPR and &#ae normalized to the unit (diagonal)
distance measurement. The results show that evanodified CLBs will travel on
average 2 unit distances when incrementally plasé@ti iPlace. In contrast, VPR

placement from scratch will travel 3 unit distanoesaverage.

For the circuits Syn 2.5, 5 and 10, the placemttiilgy results for iPlace are similar
across the different variations. This suggeststti@iPlace placement solution is able to
more closely resemble the original placement smhuéiven for different variations in the
synthetic flow. In comparison, placement solutiggmeduced with VPR shows larger
fluctuation, meaning the placement solutions vaomf one annealing run to another.

Another result to consider is to consider Syn 218 & circuits versus Syn 2.5d and 5d
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circuits. For iPlace, doubling the synthetic regincreases the average displacement per
CLB by 0 to ~1.0 units. Placement stability for VRBRo increased by approximately the
same amount, but the results still shows that iPlace produslesements with better

stability results.

Overall, the results suggest that iPlace does d gamat preserving placement stability.
The placement solution produced by iPlace more lassembles the previous solution

when compared to placement from scratch.

4.3.6.Conclusions for Synthetic Benchmarks

The results presented for Single-Region Syntheticlmarks show that iPlace is a fast
and high quality incremental placement algorithme Tiill results for all 20 synthetically
modified MCNC circuits are presented in AppendixiRlace achieves a speedup of 70
times faster than placement using default VPRrggttand 8 times faster than VPR with
“—fast” settings. The average of the normalized clehnvidth comparing VPR default
placement and iPlace is 1.01. This suggests thatePis 1% better than VPR. The
placement stability results also show that iPlacguperior to VPR. Unmodified CLBs do
not travel as far from their previous placementatan when incrementally placed with
iPlace. In summary, iPlace is 70 times faster MBR default placement with no channel

width penalty and better placement stability result

12 Except for CLMA, the 19 other MCNC circuits had #anresults.
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4.4.Single-Region Re-synthesis Benchmarks

4.4.1.Benchmark Formulation

org. Physical Resynthesis 2.5 Physical Resynthesis 5
New New
#CLB 4CLB CLB 4CLB CLB
CLMA 839 846 32 851 57
EX1010 460 463 12 467 32
MISEX3 | 140 N/A N/A 143 12
PDC 458 461 12 465 32
SPLA 369 372 12 376 32

Table 12 PR 2.5 and 5 Benchmark Statistics

Original | Physical Resynthesis 10 Physical Resynthesis 15
New New

#CLB 4CLB CLB 4CLB CLB
CLMA 839 857 87 876 182
EX1010 460 472 57 478 87
MISEX3| 140 N/A N/A 147 32
PDC 458 470 57 476 87
SPLA 369 381 57 387 87

Table 13 PR 10 and 15 Benchmark Statistics

The Single-Region Physical Resynthesis benchmarkssa¢signed to test iPlace with
re-synthesis flows. This benchmark set is generasety the physical resynthesis CAD
flow presented in [1]. This flow is an iterative g@stion reduction algorithm. It identifies
the most congested regions of a circuit and redt@esumber of LEs packed per CLB in
that region. To generate a set of benchmark cgctte flow selects the single most
congested area and reduces the maximum clusteratibh from 10 to 8 LEs. In effect,
this increases the number of CLBs in the changgibmeby 20%, but the final circuit is
still functionally-equivalent to the original. Fivieenchmark circuits form the original
“before” state. Four variations of each circuit eereated by selecting a congested region

size of 2.5%, 5%, 10% and 15% the total number IBB<in the circuit. The circuit
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statistics for the total number of CLBs “after” hestering, as well as the number of CLBs
in the changed region, are shown in Table 12 ahteTES. The floorplan is generated as
the congested region selected by the CAD flow. $&le®te due to discretization effects
with the small circuit MISEXS3, the 2.5% and 10% wexivalent to the 5% and 15%
changes. Therefore, only the latter ones were uded.benchmark set helps demonstrate
how iPlace preserves placement quality when useithirwiiterative improvement

algorithms.

4.4.2 Runtime Results

Physical
Resynthesis| PR 2.5 PR 5 PR10 PR1b
Circuit
CLMA 70.3 64.8 76.9 67.9
EX1010 59.3 74.4 46.8 62.8
MISEX3 N/A - N/A 36.0
PDC 63.3 80.2 69.2 70.8
SPLA 257.0 106.5 109.5 44.B
Geometric Mean 71.9

Table 14 Runtime Speedup of iPlace relative to VPRafault settings

Physical
Resynthesis| PR 2.5 PR 5 PR 10 PR 1%
Circuit
CLMA 7.6 7.4 8.4 7.8
EX1010 6.7 8.4 54 7.p
MISEX3 N/A - N/A 4.0
PDC 6.8 8.4 7.8 8.p
SPLA 28.0 12.0 14.5 52
Geometric Mean 8.1

Table 15 Runtime Speedup of iPlace relative to VPR-fast” settings
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Physical
Resynthesis| PR 2.5 PR 5 PR 10 PR 1%
Circuit
CLMA 1.7 1.7 1.9 1.5
EX1010 1.7 2.0 1.3 1.7
MISEX3 N/A - N/A -
PDC 1.8 2.0 2.0 2.2
SPLA 6.0 2.5 3.0 1.6
Geometric Mean 2.0

Table 16 Runtime Speedup of iPlace relative to VPR-Superfast” settings

The normalized runtime speedups for the single regloysical re-synthesis benchmarks
are presented in Table 14 to Table 16. Similarh® g$ynthetic benchmarks from the
previous section, iPlace is significantly fastermpared to VPR placement. When
comparing iPlace to VPR placement using defauibogt iPlace is 46 to 257 times faster.
On average, iPlace is 71.9 times faster than VRBgphent from scratch. Compared to the
faster placement “-fast” and “-superfast”, iPlas@il and 2 times faster respectively. The
lone exception where VPR was faster than iPladerishe MISEX3 VPR “-superfast”

versus iPlace results. iPlace had an average mm<f 0.2 seconds while VPR was too
fast to measure. A more accurate timer is needgduge the results for small circuits such
as MISEX3. Entries with a ‘- represent run-time fésthat werdoo fastto be measured

reliably (<200ms), so they are omitted from thddab
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4.4.3.Channel Width Results
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Figure 22 Min. Routable Channel Width vs. Run Timefor CLMA, PR

Figure 22 shows the minimum routable channel widitsus placement runtime for the
CLMA variants in this benchmark set. The reductibtheinner_numparameter for VPR
placement results in a 10% increase in the minimuurtable channel width. The trade-off
for 10% channel width increase is a 40-fold de@easun time. In comparison, iPlace is
consistently able to place the circuit with a chanmidth comparable to “default” VPR
placement but with vastly improved runtime (2 osdefrmagnitude). In fact, iPlacdways
beats VPR in the quality/run-time tradeoff curveor Fexample, iPlace with an
inner_nun¥l took 3.2 seconds, whereas VPR placementiwitr_nun¥0.125 took 5.2
seconds and had significant quality degradatiorl €wannel width results for this

benchmark set are provided in Appendix B.
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4.4 .4 Critical Path Results
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Figure 23 Relaxed Critical Path versus Run Time folCLMA, PR
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Figure 23 shows the relaxed critical path resutdtie CLMA circuits in the PR set. The

critical path for iPlace was sometimes worse th&R\Wy 3-4% for CLMA, but the

geometric mean of the critical path over all thewits was on par. Figure 23 shows that

the critical path does not degrade with the reducin run-time for both VPR and iPlace.

However, this may not hold true with real (fixedadnel width) devices. For the VPR

results, the channel width increased by 20%, whieans the relaxed critical path has

more tracks available to route, which may helprthéer optimize the critical path a bit

more. In comparison, iPlace uses a similar numbexuting tracks for all cases, yet is still

able to preserve critical path delay.
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4.4.5.Placement Stability Results

PR 2.5 PR 5 PR 10 PR15| Geomeah
CLMA 2.94 3.38 5.30 2.82 3.49
EX1010 2.74 2.56 2.54 3.25 2.76
MISEX3 N/A 2.26 N/A 2.58 2.42
PDC 5.14 3.41 4.43 4.48 4.32
SPLA 3.86 3.87 4.18 3.44 3.83
Geomean 3.29

Table 17 Average Displacement Results from PR Bengtark Circuits, VPR

“Default”
PR 2.5 PR 5 PR 10 PR15| Geomeah

CLMA 2.74 2.76 4.46 2.94 3.15
EX1010 1.70 1.78 1.79 1.79 1.77
MISEX3 N/A 1.55 N/A 2.07 1.79
PDC 2.34 2.45 2.62 2.67 2.52
SPLA 1.76 1.93 1.88 2.25 1.95

|Geomean  2.18

Table 18 Average Displacement Results from PR Bengtark Circuits, iPlace

The placement stability results for the Physical§3@athesis benchmark set are presented
in Table 17 and Table 18. The results show on gegii®lace travels 2.2 unit distance per
unmodified CLB compared to a distance of 3.3 forR/placement from scratch. This
shows that iPlace does preserve the previous pkmesolution better than a VPR
placement from scratch. However, the results ferrtisynthesis benchmark set were not
as good as the synthetic set. This is due to therenaf the re-synthesis process. The
congestion reduction flow always creates 20% mdB<lue to the white space insertion.
To make room for the newly created CLBs, iPlacetrnas the expansion and compaction
schemes to fit all of the CLBs into the floor-pl&dregion. This causes the extra shifting

of the unmodified CLBs further away from their $itag positions.
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4.4.6.Conclusions for Single-Region Re-synthesis Benchniar

The results presented for the single-region rekmgis benchmark set also shows that
iPlace is a fast incremental placement algorithat groduces high quality incremental
placements. Overall, iPlace is ~72 times fastan thefault VPR in default mode and about
~8 times faster than “—fast” mode while achievirithvgimilar quality channel width (CW)
and critical path (CP) results. To push VPR everthér, the “—superfast” mode
(inner_nun¥0.125) was also added for comparing iPlace and.\WPkhis point, iPlace is
still twice as fast and does not show the quaktgrddation exhibited by VPR. Notice that
some run-time results weteo fastto be measured reliably (<200ms), so they aretechit
from the table (shown as a dash). The full setinftrme, channel width and critical path,

quality results are provided in Appendix B.
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4.5.Multi-Region Re-synthesis Benchmarks

4 .5.1.Benchmark Formulation

org. Multi Region - 50 Multi Region - 40
#CLB New Num. New Num.
#CLB CLB Regions| #CLB CLB Regions
CLONE 3151 3618 2233 135 3310 762 46
STDEVO 3148 3603 2218 114 3595 2208 114
STDEV010 3152 3463 1490 85 3278 588 37
Table 19 Multi Region 50 and 40 Benchmark Charactastics
org. Multi Region - 30 Multi Region - 20
#CLB New Num. New Num.
#CLB CLB Regions| #CLB CLB Regions
CLONE 3151 3265 560 29 3206 275 12
STDEVO 3148 3606 2224 116 3272 617 30
STDEVO010 3152 3254 490 29 3193 202 9

Table 20 Multi Region 30 and 20 Benchmark Charactastics

org. Multi Region - 10
#CLB New Num.
#CLB CLB Regions
CLONE 3151 3288 681 34
STDEVO 3148 3370 1087 50
STDEV010 3152 3237 425 20

Table 21 Multi Region 10 Benchmark Characteristics

The Multi-Region Physical Re-synthesis (MR) sebefichmarks is designed to test the
performance of the incremental placer with multipierementally modified regions.
Multi-region incremental placement allows desigrtersnake changes in multiple parts of
a circuit and still be able to incrementally re-qola the design in a quick and efficient
manner. This set of benchmarks is also generated tise physical re-synthesis flow

outlined in [1]. Instead of identifying the mostingested area, the flow also supports
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identifying multiple congested regions. The cirsuitised for this experiment are
synthetically generated with varying levels of cesiipn. The size of each circuit is
~50,000 logic elements [1]. To create a family ofdienarks, 5 variations of 3 circuits
were created. The five variations are producedayeting a percentage reduction of 10%,
20%, 30%, 40% and 50% in the minimal routable clearrhis is accomplished by using a
re-synthesis algorithm to re-cluster parts of theuit. The algorithm begins by identifying
the most congested CLB and marking a region wihtuclidian distance of 5. The CLBs
within the region becomes a congestion region.algerithm then identifies the next most
congested unmarked region, it iterates to find acdhgested regions with routing
requirements higher than the targeted reductiooch Eggion can contain a maximum of 25
CLBs, but there may be fewer because regions carlapy Each CLB can only belong to
one region. To achieve the reduction in channekiwréquired, 3 white space LEs are
inserted into each cluster identified as congegtdiicing the utilization from 16 to 13
LEs. This produces ~20% increase in CLBs per redgite increase in the number of
CLBs means that iPlace must use the expansionigarad fit the increased number of
CLBs into regions that are too small. The floorpfanthe multi-region benchmarks is
generated based on the identified congested regioge that due to overlapping
congested regions, some floorplan regions will lagerThe circuit statistics for the MR
set of benchmarks are shown in Table 19, Tablen®0rable 21. For each benchmark, the
total number of CLBs, the number of “depopulate@ita CLBs and the number of
changed regions are shown. This benchmark set stiav#lace is capable of handling

multiple overlapping regions of various sizes.
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4.5.2.Runtime Results

Mult-Region |\ ;2 50 MR-40 MR-30 MR-20 MR -1

Circuit
CLONE 62.8 70.0 68.3 61.5 759
STDEVO 67.3 66.8 55.1 56.0 663
STDEVO010 47.1 59.7 68.6 66.5 586

Geometric Mean 63.0

Table 22 Runtime Speedup of iPlace relative to VPRefault settings

Multi-Region | o 56 MR-40 MR-30 MR-20 MR -10

Circuit
CLONE 6.7 7.9 7.5 6.6 8.2
STDEVO 7.6 6.9 5.6 6.5 7.1
STDEVO010 4.9 6.3 8.0 7.1 5.8
Geometric Mean 6.8

Table 23 Runtime Speedup of iPlace relative to VPR-fast” settings

Mult-Region | \i2 50 MR-40 MR-30 MR-20 MR-10

Circuit
CLONE 1.2 15 14 15 1.3
STDEVO 1.5 14 1.1 1.1 1.4
STDEVO010 0.9 1.3 1.7 1.4 1.2

Geometric Mean 1.3

Table 24 Runtime Speedup of iPlace relative to VPR-Superfast” settings

The run time results for Multi-Region incrementahg#ment are presented in Table 22,
Table 23 and Table 24. These results present threxlgpeachieved for VPR runtime in
default, “-fast” and “-superfast” modes versus @elaun time. Compared against VPR in
default mode, iPlace is 63 times faster. Compagaghat “-fast” and “-superfast” modes,
iPlace is 6.8 and 1.3 times faster respectively.l&ge changes such as the circuits from
the Multi-Region — 50 benchmark s@able 19),up to 2/3 of the circuit is physically
re-synthesized and requires re-placement. The sepuitsented above show that the

speedup achieved by iPlace does not degrade s@mify even for multiple regions
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spanning 1/3 to 2/3 of the CLBs. The conclusion drdrem the speedup results is that
iPlace is a scalable algorithm capable of handdiggificant changes to a netlist even for

large 50,000 LUT circuits.

4.5.3.Channel Width Results
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Figure 24 Minimum Routable CW versus Run Time for $dev010, MR
Figure 24 shows the minimum routable channel widttsus runtime for the Stdev010
variants of the MR benchmark suite. Similar resulése reached when compared to the
single region simulations. As run time is reduced YPR placement from scratch, the
channel width quality degrades significantly. Fod@50x speed increase, the channel
width quality degrades by ~15%. In comparison,dBles two orders of magnitude faster
in run time compared to a full placement. The quadit the multi region incremental

placement is slightly degraded compared to a fldtgment. There is a 2-4% loss in
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channel width quality in exchange for the speed @pmpared to a “—fast” placement,
iPlace produces similar quality results but is BR8es faster. Results for the other MR
benchmark circuits were similar. iPlace consisteptioduces excellent channel width

results with significantly reduced run-time.

4.5.4 Critical Path Results
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Figure 25 Relaxed Critical Path versus Runtime foiStdev010, MR

Figure 25 shows the relaxed critical path delayltegor the Stdev010 circuit in the MR
benchmark suite. Similar to the previous resuRfade produces very competitive results
at a fraction of the time. The iPlace critical pegbults were on par when compared against
full and fast placement from scratch using VPR.URedor the other MR circuits were
similar. There is no significant critical path inase even for large circuits incrementally

placed with multiple modified regions.
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4.5.5.Conclusions for Multi-Region Re-synthesis Benchmaik

The results for the Multi-Region Physical Re-synthé&nchmark set were presented in
this section. Findings for the MR benchmark selude a 63 times speedup in placement
run time when comparing iPlace to VPR in defauldmwith 2-4% loss in channel width
and critical path quality. When comparing the faMBR “-fast” and “-superfast” modes,
iPlace is still 6.8 and 1.3 times faster respebtiweth on par or better quality for channel
width and critical path. A full summary of the mulegion results are presented in

Appendix C.

A key finding is that the quality of multi-regionaremental placement does not degrade
even when a substantial percentage of the cirsunadified. From Table 19, the Multi
Region-50 set of circuits have 1/3 to 2/3 of theBSLmodified. However, iPlace is still

able to produce quality results due to floor-plawgnand controlled expansion.
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4.6.Experimental Conclusions

This chapter has presented the benchmarking proaedsresults obtained while
evaluating iPlace. The aspects used to measureutiigyqof the incremental placement
include the runtime speedup, the minimum routalbl@enoel width, the relaxed critical

path and the placement stability.

Three benchmarking sets were produced to evaluktealPThe first two benchmark sets
are used to evaluate the effectiveness of iPladgacal incremental placement use cases.
The third benchmark set is used to evaluate thalsitiy of iPlace. First, the Synthetic
benchmark set simulates design changes by replacisgction of the circuit with a
synthetic clone. Second, the Physical Re-synthemiehmark re-synthesizes part of the
clustering solution in order to target a hard FP&#straint. Third, the Multi-Region
Physical re-synthesis benchmark set scales thgntbesis algorithm to multiple regions

of modification and to much larger benchmark citgui

VPR "default" / VPR "-fast" / VPR "-superfast" /
Speedup iPlace iPlace iPlace

Single Region -

Synthetic 70.1 8 1.9
Single Region -

Physical Resynthesis 1.9 8.1 2.0
Multi-region -

Physical Resynthesis 63.0 6.8 13
Geometric Mean 68.2 7.6 1.7

Table 25 Multi Region Run-time Speedup Summary

A summary of the run-time speedup obtained withgBlis presented in Table 25. Overall,
the results show that iPlace is significantly fadtean placement using VPR. When
comparing iPlace to VPR in default mode, iPladg3ito 72 times faster in run time. There

was no obvious channel width or critical path dqyatiegradation for the single region
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benchmarks. For the multi-region benchmark set,-4262 quality degradation was
observed for channel width and critical path. Imliidn to comparing iPlace to a full
placement via VPR, comparisons were also made @¢o“#last” (inner_num=1)and
“-superfast(inner_num=0.125)modes of operation. When comparing iPlace to VPR
“fast”, iPlace was 6.8 to 8 times faster. When panng iPlace to VPR “-superfast”,
iPlace was 1.3 to 2.0 times faster. In terms ofityy&Place always produced on par results
compared “-fast” and was significantly better thauperfast”. It is also shown that iPlace
is a stable placement algorithm. On average, unireddCLBs travel ~2 CLB units from

their previous placement location.

Observation 3:

When examining the channel width to run-time traffecurves (Figure 20, Figure 22,
Figure 24), the iPlace curve is always positiobekbwthe VPR curve. This indicates that
the quality versus run-time trade-off for iPlace bstter than VPR. In fact, VPR

experiences up to 15-20% degradation in channdhvgdality as the run-time is reduced
by 100 times. In comparison, iPlace is able of ponolg VPR full placement quality

results with the two-orders less in magnitude imtime.

Observation 4:

There was no obvious routing quality degradatiomwace for the range @ainer_num
values used (1 to 3), but it was observed thatesahelow 1 do provide lower quality
results. In fact, loweringhner_numtoo low is equivalent to omitting the annealingpst
altogether. We observed roughly 10% critical pagtag increase and 20% bounding box
cost increase when the low temperature annealeyy istleft out from iPlace. Without

annealing, the run time is too fast to measure.
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Full Results

The full results obtained for the three benchmarlksicigemes are provided in Appendix A,
Appendix B and Appendix C. The tables show the e t(RT), channel width (CW),
critical path (CP), total post-placement boundingx bcost (Bbox) and the total
post-routing wirelength (WL) of iPlace. Normalizedmparisons of VPR default, VPR
“-fast”, VPR “-superfast” to iPlace are also prosild The columns ending in Q, such as

CWQ, show channel width (CW) quality (Q) normalizedPlace.
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5. Qualitative comparisons

We believe that there ar® other general incremental placement algorithmsdahia for
academic FPGA research, so we are unable to priesadtto-head comparisons in terms
of runtime and quality results. Instead, this secWill present a “qualitative” comparison

of relevant incremental placement algorithms arstl fgacement approaches.

The most relevant incremental placement algorithitinésSingh and Brown ICP placer
[54]®. The authors benchmarked the ICP placer with ~1584ified LEs to several
MCNC circuits. The paper reported an 8x speedup epetpto VPR. Also, they analyzed
the run-time complexity of the algorithm and repdrthat as the number of modified LE
increases, the algorithm will eventually be slowran a full placement by VPR. In
comparison, this thesis has shown that iPlacessatable algorithm capable of handling
large multi-region modifications. iPlace achieves a 63das speed up even when up to 2/3
of a circuit is modified and incrementally placddhe key differentiation between iPlace
and ICP is that iPlace uses floor-planning andigladesign shifting. These simple
algorithms are CPU efficient compared to proposing evaluating cost changes for every

LE or CLB swap.

Other incremental placement algorithms presente®keition 2.3 did not present speedup
results. We believe that iPlace is the first fullgneral purpose incremental placement
algorithm available for FPGAs. We hope that iPladebe followed by future incremental

placement research that can be compared to thitgsrésund by this thesis.

13 We contacted the authors, but were unable to mi@hchmarks or source code for
comparison
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Because there are no other suitadbt@ementalFPGA placement results to compare, we
compare iPlace to othéast full-placement schemes. The ultra-fast placemegardahm

by Sankar achieves 52x speedup and increases Ingunaolk cost 33% over default VPR
[61]**. Mulpuri compared critical path versus runtimediferent placement algorithms,
showing ~10x speedup reduces quality by ~30% [68f Frontier system by Tessier
computes a good floorplan of pre-designed macrokisidollowed by a low-temperature
anneal, improving both placement run-time by ~17x aritical path by ~10% versus
Xilinx software [62]. In contrast, this thesis aehes 35-260 times speedup with no

increase to critical path, channel width, or bongdoox.

Overall, we believe that iPlace is a unique algonifor incremental FPGA CAD flows. In

comparison to other FPGA incremental algorithmd®is more scalable and faster when
compared to VPR. The results found in this thesisveldl an approximate 60x speedup for
iPlace versus an 8x speedup for the ICP algorikithough academic research in this area
is limited, we hope future work will provide additial comparisons. Compared to fast
placement algorithms, iPlace shows similar speedugsdo not exhibit the quality

degradations suffered as a trade-off for speedcéls able to generate the same high

guality placement as a full placement from scratch.

14 Sankar used an older version of VPR that is maing-driven.
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6. Conclusions and Future Work

In this thesis, we have presented a new incremguiéalement algorithm iPlace that
significantly reduces the placement time for charntgean already placed circuit. The key
ideas contributing to this algorithm include the w$ aninitial placement, floor planning,
shifting and aplacement super-gridlhe iPlace algorithm consists of four steps. Ths fir
step is the use of an initial placement and fldanping. The second step is the insertion of
modified CLBs using the placement super-grid. Thieltstep is the re-legalization of the
placement through compaction. The final step iscatdimulated annealing refinement to

optimize the solution.

Three suites of benchmarks circuits were designdetermine the performance of iPlace.
First, the single-region synthetic set simulatesgiechanges by significantly modifying a
region of logic using the Perturber + Mutator flg@{[4]. Second, the single-region

physical re-synthesis set simulates a re-synthelseésige to target a channel width
constraint. Using the Un/DoPack flow [1] where velspace is inserted into fully packed
CLBs. Third, the multi-region physical re-synthebsnchmark set simulates multiple
design changes across multiple regions for largelomark circuits. Multiple “congested”

regions were selected and depopulated using Un/go@aarget a percentage reduction

in the minimum channel width.

VPR "default" / VPR "-fast" / VPR "-superfast" /
Speedup iPlace iPlace iPlace

Single Region -

Synthetic 70.1 8 19
Single Region -

Physical Resynthesis 1.9 8.1 2.0
Multi-region -

Physical Resynthesis 63.0 6.8 13
Geo.Mean 68.2 7.6 1.7
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Table 26 Overall Run-time Speedup Summary
A summary of the results achieved using iPlaceasgnted in Table 26. Table 26 presents
the speedup achieved using iPlace compared to YiPRefault” mode, VPR in quality

reduced “-fast” mode and VPR in a newly createdfesfast” modes.

For single region synthetic benchmarks, it was tbthrat iPlace is 70 times faster than
VPR in default mode witmo channel width or critical patllegradations. Even when
compared to the quality reduced “-fast” and “-stg&i’ modes of VPR, iPlace is still 8.0

and 1.9 times faster respectively.

For single region physical re-synthesis benchmatkeas found that iPlace is 71.9 times
faster than VPR in default mode. The results anedyges observed for the single-region
physical re-synthesis benchmark set were similtirdsingle-region synthetic benchmark

sets.

When considering multi-region incremental placemeRtace is a very competitive
algorithm. With 1/3 to 2/3 of a circuit modifiedRlace produces results with less than 4%
loss in quality but 63 times faster compared tolaBMPR placement. Compared to VPR
“-fast” and “-superfast” placement, iPlace is 608l 4.3 times faster with no loss in quality.
This shows that iPlace is an algorithm capable afirsg to significant modifications

throughout a circuit.

On average, iPlace is 68.2 times faster than VPRIafault mode with negligible
degradation in placement quality. This isignificantperformance increase considering

that VPR in “-superfast” mode, which is still ~2ower, results in a significant channel
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width degradation of ~15-20%.

Finally, we believe that iPlace is tliest incremental placement algorithm for FPGAs
capable of handling multiple regions of incrememabdification with substantial run-time

improvements and no quality degradations.

6.1.Future work

This thesis concludes with a summary of future fellgp work to the iPlace algorithm.
The iPlace algorithm is currently implemented as$ pBYPR and lacks support for several
elements found in commercial FPGAs. Also, the afgor is simplistic, and may be
improved upon with further extensions to the shgticompaction and refinement phases.
Finally to provide an end to end incremental floamgremental routing should also be

considered.

6.1.1.Support for Macro Blocks

Commercial FPGAs contain macro blocks such as D®emories and multipliers. The

current academic toolset available (VPR) has nehlextended to model such elements.
Future research for FPGAs will hopefully extend disademic framework to support such
elements. Once the underlying structures have tmeeteled, iPlace can then be modified
to implement the proposed solutions from Secti@f&: macro blocks. The performance

and quality impact for macro blocks will need toibeestigated.

6.1.2.Support for Carry Chains

Similar to the support for macro blocks, currergdemic tools do not model carry chains.

Future research into carry chains will hopefullytezrd the framework to support such
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structures. The proposed solutions in Section 3.8doy chains can then be implemented,

so that the performance and quality tradeoffs @axXxamined.

6.1.3.Smart Shifting

The current iPlace algorithm relies on a simplistidting scheme for the expansion and
compaction phases. Extensions to the shifting scheah@éde more balanced shifting to

sides with more empty CLBs. Also shifting to takéoi account macro-blocks and carry
chains must also be examined. Changes to the rghiicheme must be considered
carefully. The run-time implications must be thorblygexamined so that the speed-up is

not degraded. In all, a “keep it simple” approaltidd be followed.

6.1.4.Analytical Placement Refinement Stage

Instead of using Simulated Annealing for the rafieait phase of iPlace, other placement
algorithms can also be considered to optimize dhaisn. One example would be the use

of analytical placement algorithms such as [39htake small changes.

6.1.5.Integration with Commercial tools

The current implementation of iPlace is tightly ontated into the TV-Pack and VPR CAD
flow. It would be interesting to port and adapiigd into commercial frameworks such as
Altera’s Quartus Il framework through the Quartusivérsity Interface Program (QUIP)
package [65]. This will enable the exploration ok tperformance of iPlace in a
commercial quality CAD environment with commerd@GA architectures. Integration
with Quartus Il was attempted, but it was discoddhat the Quartus CAD flow performs
simultaneous clustering and placement. Imposingxéernal clustering constraint leads to

extremely long run times. Future work is requiredoptimize the integration between
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iPlace and Quartus.

6.1.6.Incremental Routing

Placement and routing dominates the majority ofRR&A CAD flow. In order to fully
complement incremental placement, incremental mgus also necessary to produce an
end-to-end incremental CAD flow. For today’s latgeiscuits, a full compilation could
take an entire workday to complete. With end-to-ermiemental compilation, this will

hopefully reduce the compilation time necessaryrforemental development.

One drawback to the iPlace approach is that itdendshift most of the CLBs some

amount. This will likely make the previous routingligion useless. Investigation into

placement shifting that can co-exist with increnaénduting are needed.
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Appendix A : Single-Region Synthetic Benchmark Results

Original Synthetic 2.5 Synthetic 5

#CLB New # CLB CLB New # CLB CLB
alu4 153 153 3 153 9
apexz 188 188 9 188 9
apex 127 127 3 127 9
bigkey 171 171 9 171 9
clma 839 839 25 839 49
des 160 160 9 160 9
diffeq 150 150 3 150 9
dsip 137 137 3 137 9
elliptic 361 361 9 361 25
exbg 107 107 2 107 9
ex101( 460 460 15 460 25
frisc 356 356 9 356 25
misex< 140 140 3 140 9
pdc 458 458 15 458 25
$29¢ 194 194 9 194 9
s3841 641 641 25 641 35
s$3858: 645 645 25 645 35
sec 175 175 9 175 9
spla 369 369 9 369 22
tsenc 105 105 3 105 9

Table 27 Single-Region Synthetic Benchmark CircuiStatistic



Original Synthetic 10 Synthetic 2.5d Synthetic 5d
New #

#CLB New # CLB CLB New # CLB CLB CLB CLB
alu4 153 153 15 153 9 175 37
apexz 188 188 25 202 23 221 58
apex< 127 127 15 127 9 127 15
bigkey 171 171 25 171 8 171 25
clma 839 839 99 899 109 967 227
des 160 160 24 173 22 192 56
diffeq 150 150 22 166 25 150 24
dsip 137 137 15 137 9 137 15
elliptic 361 361 49 361 25 361 49
exbf 107 107 15 107 5 122 26
ex101( 460 460 46 496 61 460 46
frisc 356 356 35 356 25 356 35
misex< 140 140 15 140 9 158 33
pdc 458 458 49 490 57 525 116
$29¢ 194 194 25 194 9 194 25
s3841° 641 641 81 692 86 767 207
s$3858: 645 645 79 645 35 777 213
sec 175 175 25 175 9 208 57
spla 369 369 49 408 64 440 120
tsenc 105 105 14 105 9 105 15

Table 28 Single-Region Synthetic Benchmark CircuiStatistic Cont’
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o iPlace (inner_num=1)
Synthetic circuits

RT (s) CW CP (ns) Bbox WL (*10%

alu4 p25 0.2 32 13.49 68.5 0.88
p5 0.2 32.8 13.15 69.2 0.89

pl0 0 33 15.42 69.0 0.89

p25d 0 32.8 12.93 69.3 0.88

p5d 0 32 14.99 78.6 1.02

apex2 p25 0.4 42.4 14.34 107.4 1.46
p5 0 42.4 14.66 107.8 1.47

pl0 0.4 42 14.20 107.7 1.46

p25d 0.2 41.6 15.69 116.5 1.60

p5d 0.2 42.8 17.11 126.1 1.71

apex4 p25 0 45 13.72 76.8 1.04
p5 0.2 44 .4 12.58 77.1 1.04

pl0 0 44.8 12.58 76.4 1.03

p25d 0 44.8 13.42 76.7 1.04

p5d 0 44.2 13.08 77.1 1.03

bigkey p25 0.4 41.8 6.13 63.8 0.90
p5 0.4 42.4 6.62 63.6 0.90

pl0 0.4 40.2 6.15 65.1 0.92

p25d 0.2 42.2 6.20 63.5 0.90

p5d 0 41 6.26 65.7 0.92

clma p25 3 51.8 27.02 528.8 6.76
p5 3 51.2 26.49 529.5 6.78

plo 3 52.2 26.88 536.9 6.88

p25d 3 50.6 30.91 572.7 7.23

p5d 4 54.2 31.97 644.4 8.26

Table 29 Single-Region Synthetic Benchmark PlacemeResults

Legend |
- Results with Run time too fast to mea
Bbox Total bounding ba

BBQ Bounding Box Qualit

CF Critical Patt

CPC Critical Path Qualit

CwW Channel Widt

CWQ Channel Width Quali

Quality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement tii

WL Total WireLengtl

WLQ WireLength Qualit
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. iPlace (inner_num=1)
Synthetic circuits

RT (s) CW CP (ns) Bbox WL (*10%

des p25 0 50.6 10.91 64.8 1.00
p5 0.2 51 10.87 65.1 1.00

p10 0 48.6 10.82 67.1 1.04

p25d 0.2 50.6 12.35 72.5 1.10

p5d 0 46.8 13.29 77.8 1.16

diffeq p25 0.2 22 18.94 47.1 0.62
p5 0.2 22.2 19.29 46.9 0.61

p10 0 23.8 19.38 49.0 0.65

p25d 0 23.2 19.48 52.1 0.67

p5d 0 22.6 19.38 48.5 0.64

dsip p25 0 37.2 6.32 45.8 0.66
p5 0 37.2 6.38 46.0 0.66

p10 0 37 6.35 46.2 0.67

p25d 0.4 374 6.32 46.1 0.66

p5d 0.2 37.2 6.43 46.4 0.67

elliptic p25 0.2 36.4 24.47 157.3 2.06
p5 0.4 38.2 24.96 159.7 2.06

pl10 0.4 37.6 24.45 161.8 2.10

p25d 0 36.2 24.26 159.8 2.07

p5d 0.6 37.6 24.97 161.0 2.09

ex5p p25 0.2 44.2 14.19 63.4 0.89
p5 0 44.8 13.12 63.6 0.90

pl10 0 43.6 15.76 63.4 0.88

p25d 0 44 15.14 63.4 0.89

p5d 0 43.6 14.64 70.6 0.99

Table 30 Single-Region Synthetic Benchmark PlacemeResults cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding ba

BBQ Bounding Box Qualit

CF Critical Patt

CPC Critical Path Qualit

CwW Channel Widt

CWQ Channel Width Quali

Quality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement tii

WL Total WireLengtl

WLQ WireLength Qualit
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. iPlace (inner_num=1)
Synthetic circuits

RT (s) CW CP (ns) Bbox WL (*10%

ex1010 p25 1 47 17.82 277.8 3.66
p5 1 46.6 16.85 276.3 3.63

p10 1 46.4 16.81 277.3 3.64

p25d 1.2 46.2 18.03 299.5 3.95

p5d 1 47 17.11 279.1 3.68

frisc p25 0.6 47.4 30.59 197.5 2.64
p5 1 46.8 29.53 198.6 2.65

p10 0.6 48.4 28.11 199.4 2.64

p25d 1 47.6 28.87 199.5 2.64

p5d 0.6 47.2 28.83 200.5 2.67

misex3 p25 0 374 11.39 711 0.94
p5 0 37.6 13.72 71.3 0.94

p10 0 37.6 11.73 71.2 0.94

p25d 0 38.6 13.33 72.1 0.96

p5d 0 37.6 13.74 81.0 1.08

pdc p25 1 61.4 19.79 348.6 4.67
p5 1.2 62 18.88 348.4 4.64

pl10 1.2 60.6 21.02 347.2 4.65

p25d 1 61.2 25.25 367.6 4.93

p5d 14 61.6 23.00 402.8 5.34

s298 p25 0 26.2 24.79 714 0.85
p5 0 25.8 23.16 71.6 0.86

pl10 0.2 26 23.74 715 0.85

p25d 0.4 25.8 23.41 71.4 0.85

p5d 0 26.8 23.60 72.4 0.87

Table 31 Single-Region Synthetic Benchmark PlacemeResults cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding ba

BBQ Bounding Box Qualit

CF Critical Patt

CPC Critical Path Qualit

CwW Channel Widt

CWQ Channel Width Quali

Quality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement tii

WL Total WireLengtl

WLQ WireLength Qualit
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. iPlace (inner_num=1)
Synthetic circuits

RT (s) CW CP (ns) Bbox WL (*10%

38417 p25 1.2 30.4 18.16 241.7 3.00
p5 1.8 30 17.97 239.8 2.96

p10 1.8 312 18.61 243.5 3.04

p25d 2 30.6 18.41 263.1 3.30

p5d 2 38.8 22.81 318.1 3.89

38584 p25 1 324 14.84 239.9 2.96
p5 2.2 318 15.27 240.3 2.97

p10 1.2 334 15.51 241.5 2.99

p25d 1.6 33 15.31 241.0 2.98

p5d 2 37.6 19.51 312.6 3.82

seq p25 0 40.4 12.19 98.0 1.33
p5 0.2 40.4 12.51 98.5 1.33

p10 0.4 40.6 14.12 98.6 1.33

p25d 0.4 40.8 13.29 98.6 1.33

p5d 0.4 40.8 14.73 116.4 1.56

spla p25 0.6 51.6 17.29 230.6 3.11
p5 0.8 51.8 19.24 230.8 3.13

pl10 1 51 17.69 230.4 3.13

p25d 0.6 49.8 19.58 250.5 3.37

p5d 1.2 53.8 20.80 289.1 3.84

tseng p25 0 21.2 16.42 311 0.41
p5 0 21 16.49 30.9 0.41

pl10 0 214 16.42 32.3 0.43

p25d 0 21.2 16.35 315 0.42

p5d 0 21.8 16.49 32.2 0.44

Table 32 Single-Region Synthetic Benchmark PlacemeResults cont’

Legend

Bbox
BBQ
CF
CPC
Cw
CWQ
Quality
RT
Speedu
WL
WLQ

Results with Run time too fast to mea
Total bounding ba

Bounding Box Qualit

Critical Patt

Critical Path Qualit

Channel Widt

Channel Width Quali
Experimental result relative to iPle
Average Run time of the simulati
Speed up in placement tii

Total WireLengtl

WireLength Qualit
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Synthetic circuits VPR "default" / iPlace

Speedup CWQ CPQ BBQ WLQ

alu4 p25 33.00 1.01 0.94 0.99 0.98
p5 35.00 0.99 0.98 0.98 0.99

pl0 - 0.97 0.84 0.99 0.97

p25d - 0.99 0.98 0.99 1.00

p5d - 0.98 0.96 0.96 0.95

apex2 p25 30.00 0.98 1.00 0.99 0.99
p5 - 0.99 0.93 0.99 0.97

pl0 30.00 1.00 0.98 0.98 0.99

p25d 67.00 0.98 0.99 0.98 0.97

p5d 78.00 0.99 0.93 0.98 0.98

apex4 p25 - 0.97 0.94 0.99 0.98
p5 34.00 1.00 1.00 0.99 0.98

pl0 - 0.98 0.99 0.99 0.98

p25d - 1.00 1.20 0.99 0.98

p5d - 1.00 0.99 0.99 0.98

bigkey p25 42.00 1.02 1.03 0.97 0.97
p5 43.00 1.02 0.93 0.97 0.98

plo 45.50 1.03 1.00 0.97 0.99

p25d 84.00 0.95 0.99 0.96 0.98

p5d - 1.04 0.99 0.95 0.96

clma p25 72.00 0.97 0.95 0.98 0.97
p5 70.80 0.96 0.97 0.99 0.98

plo 73.53 0.98 0.96 0.98 0.98

p25d 80.27 1.00 0.89 0.98 0.97

p5d 69.95 1.00 0.99 0.98 0.97

Table 33 Relative performance VPR “-default” versusPlace

Legend |
- Results with Run time too fast to mea
Bbox Total bounding ba

BBQ Bounding Box Qualit

CF Critical Patt

CPC Critical Path Qualit

CwW Channel Widt

CWQ Channel Width Quali

Quality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement tii

WL Total WireLengtl

WLQ WireLength Qualit
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Synthetic circuits VPR "default" / iPlace

Speedup CWQ CPQ BBQ WLQ

des p25 - 1.00 1.00 0.98 0.97
p5 89.00 1.00 1.01 0.98 0.98

pl0 - 1.07 1.00 0.97 0.97

p25d 102.00 0.93 0.96 0.97 0.96

p5d - 1.09 0.89 0.96 0.98

diffeq p25 39.00 1.01 1.00 0.96 0.97
p5 40.00 1.02 0.97 0.97 1.00

pl0 - 1.00 0.98 0.97 0.96

p25d - 0.99 0.99 0.96 0.97

p5d - 0.99 0.98 0.98 0.99

dsip p25 - 1.04 0.98 0.99 0.99
p5 - 1.05 0.98 0.98 0.99

pl0 - 1.04 0.98 0.98 0.99

p25d 34.00 1.05 0.98 0.98 0.99

p5d 69.00 1.04 0.95 0.98 0.98

elliptic p25 175.00 1.03 1.26 1.00 1.00
p5 89.00 1.00 0.95 0.99 1.01

plo 93.50 0.99 0.98 1.00 1.00

p25d - 1.03 0.99 1.00 0.99

p5d 60.67 1.01 0.96 1.00 1.00

ex5p p25 32.00 1.00 0.91 0.99 0.98
p5 - 0.96 1.10 0.99 0.97

plo - 1.01 0.82 0.99 1.00

p25d - 0.98 0.88 0.99 0.99

p5d - 0.98 0.94 0.98 0.98

Table 34 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-default” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "default" / iPlace

Speedup CWQ CPQ BBQ WLQ

ex1010 p25 77.60 0.99 0.91 0.99 0.99
p5 75.00 0.99 0.95 0.99 1.00

pl0 77.00 1.03 0.97 0.99 0.99

p25d 69.00 1.00 1.04 0.98 0.97

p5d 76.20 1.01 0.99 0.99 0.99

frisc p25 80.67 0.95 0.94 0.97 0.96
p5 46.20 0.98 0.98 0.97 0.96

pl0 78.67 0.96 0.99 0.98 0.96

p25d 47.00 0.95 0.99 0.97 0.97

p5d 79.33 0.98 0.97 0.97 0.96

misex3 p25 - 1.01 1.17 0.99 0.98
p5 - 0.99 0.83 0.99 0.99

pl0 - 0.99 1.09 0.99 0.99

p25d - 0.97 0.85 0.99 0.98

p5d - 0.99 1.44 0.98 0.99

pdc p25 80.60 1.00 1.08 0.99 0.97
p5 64.00 0.98 1.27 0.99 0.98

plo 68.67 1.01 0.96 0.99 0.97

p25d 84.40 0.98 0.78 0.98 0.98

p5d 68.14 1.01 0.97 0.99 0.98

s298 p25 - 0.97 0.93 0.98 0.99
p5 - 0.99 0.99 0.98 0.98

plo 38.00 0.98 0.99 0.98 0.98

p25d 19.00 0.97 1.01 0.98 0.99

p5d - 0.95 0.99 0.97 0.97

Table 35 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-default” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "default" / iPlace
Speedup CWQ CPQ BBQ WLQ
s38417 p25 73.67 1.00 0.94 0.99 0.99
p5 50.67 1.01 0.96 0.98 0.99
pl10 50.22 0.99 1.02 0.98 0.97
p25d 49.10 0.98 0.93 0.97 0.97
p5d 63.60 0.91 0.95 0.96 0.96
s$38584 p25 104.40 1.08 0.98 0.96 0.95
p5 48.55 1.03 0.96 0.96 0.96
p10 90.17 0.96 0.97 0.95 0.95
p25d 65.75 1.04 0.95 0.96 0.95
p5d 76.90 1.03 0.97 0.93 0.94
seq p25 - 1.00 0.99 0.99 1.00
p5 61.00 1.00 1.07 0.99 0.99
pl0 30.50 0.99 0.83 0.99 0.99
p25d 29.50 1.00 1.01 0.99 0.99
p5d 36.00 0.99 0.93 0.98 0.98
spla p25 75.67 0.98 0.96 0.99 0.99
p5 55.50 0.99 0.90 1.00 0.98
pl0 44.80 1.01 0.97 1.00 0.98
p25d 84.00 1.03 0.92 1.00 1.00
p5d 51.17 0.98 0.96 0.98 0.97
tseng p25 - 1.00 1.00 0.98 0.99
p5 - 1.01 1.00 0.98 1.00
pl0 - 1.02 1.01 0.98 0.97
p25d - 1.01 1.00 0.97 0.98
p5d - 1.00 0.99 0.97 0.97
Geo. Mean| 58.47 1.00 0.98 0.98 0.98

Table 36 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-default” versus iPlace Cont’

Legend [
- Results with Run time too fast to mea
Bbox Total bounding ba

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CcwQ Channel Width Qualit

Quality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "fast"/ iPlace

Speedup  CWQ CPQ BBQ WLQ

alu4 p25 5.00 0.99 0.95 0.99 0.99
p5 5.00 0.99 0.98 1.00 1.01

p10 - 0.98 0.88 0.99 1.00

p25d - 1.01 1.14 1.00 1.01

p5d - 0.99 1.03 0.98 0.97

apex2 p25 4.00 1.00 1.06 1.00 1.00
p5 - 1.00 0.95 1.00 1.00

p10 2.50 1.00 0.97 1.00 1.02

p25d 8.00 1.00 1.01 0.98 0.99

p5d 10.00 0.97 0.98 0.99 0.98

apex4 p25 - 0.97 1.03 1.00 0.99
p5 5.00 1.00 0.97 1.00 1.00

p10 - 0.99 1.00 1.00 0.99

p25d - 1.00 1.01 1.00 0.99

p5d - 1.02 1.03 1.01 1.00

bigkey  p25 5.00 0.97 1.02 102 102
p5 5.00 1.07 0.93 1.02 1.02

pl0 5.00 1.10 1.02 1.02 1.02

p25d 10.00 0.99 0.99 1.02 1.01

p5d - 0.99 0.99 1.01 1.02

clma p25 8.27 1.02 0.94 1.01 1.00
p5 7.93 1.00 0.97 1.01 1.00

pl1l0 8.13 1.01 0.93 1.01 0.99

p25d 8.87 1.02 0.89 1.00 0.99

p5d 8.15 0.99 0.96 0.99 0.98

Table 37 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-fast” versus iPlace

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "fast"/ iPlace

Speedup  CWQ CPQ BBQ WLQ

des p25 - 0.96 0.99 1.03 1.02
p5 10.00 1.00 1.00 1.02 1.01

p10 - 1.04 1.01 1.01 1.01

p25d 12.00 0.99 0.97 1.01 1.01

p5d - 0.98 0.93 1.00 1.01

diffeq p25 5.00 1.03 1.01 0.99 0.99
p5 4.00 1.02 0.98 1.00 1.01

p10 - 1.03 1.00 1.01 1.00

p25d - 1.02 1.00 0.99 1.00

p5d - 1.05 1.00 1.02 1.03

dsip p25 - 1.04 1.00 1.01 1.01
p5 - 1.05 0.96 1.01 1.02

p10 - 1.04 0.97 1.01 1.02

p25d 5.00 1.03 0.97 1.01 1.02

p5d 8.00 1.04 0.98 1.01 1.01

elliptic p25 22.00 1.03 1.01 1.03 1.03
p5 10.00 1.01 0.96 1.02 1.02

pl0 10.00 1.02 0.99 1.03 1.02

p25d - 1.05 1.01 1.03 1.04

p5d 7.33 1.02 0.95 1.02 1.03

ex5p p25 5.00 0.99 0.94 1.00 1.00
p5 - 0.99 1.01 1.00 0.99

pl1l0 - 1.02 0.83 1.01 1.01

p25d - 1.00 0.86 1.00 0.99

p5d - 0.99 0.97 1.00 1.00

Table 38 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-fast” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "fast"/ iPlace

Speedup  CWQ CPQ BBQ WLQ

ex1010 p25 9.20 1.04 0.95 1.01 1.01
p5 8.60 1.03 0.95 1.00 1.01

p10 8.80 1.03 0.98 1.00 1.00

p25d 8.17 1.03 1.05 1.00 0.99

p5d 8.80 1.01 0.95 1.01 1.00

frisc p25 9.00 0.99 0.97 1.01 1.00
p5 5.00 1.02 0.98 1.00 1.00

p10 9.00 0.99 0.99 1.00 1.01

p25d 5.60 0.97 0.97 0.99 0.99

p5d 9.33 1.01 0.99 1.00 1.00

misex3 p25 - 1.02 1.02 1.00 1.00
p5 - 1.01 0.91 1.00 1.00

p10 - 1.00 0.98 1.00 1.00

p25d - 0.98 1.03 0.99 1.00

p5d - 0.99 0.97 0.99 1.00

pdc p25 9.80 0.99 0.96 1.00 1.00
p5 7.00 0.97 1.35 1.00 0.99

pl0 7.00 1.03 0.95 1.01 1.00

p25d 10.20 0.99 0.76 0.99 0.98

p5d 7.86 1.03 1.06 1.01 1.00

s298 p25 - 0.98 0.95 1.00 1.01
p5 - 1.02 0.99 1.00 0.99

pl1l0 5.00 0.98 0.99 1.00 1.00

p25d 2.00 1.02 0.99 1.00 1.00

p5d - 0.98 0.98 0.99 1.00

Table 39 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-fast” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "fast" / iPlace

Speedup  CWQ CPQ BBQ WLQ

s38417 p25 8.83 1.03 0.96 1.03 1.03
p5 5.89 1.05 1.00 1.04 1.04

pl0 5.56 1.06 0.95 1.03 1.02

p25d 5.60 1.03 0.93 1.03 1.02

p5d 7.40 0.92 0.95 1.00 1.00

s38584 p25 12.00 0.98 1.00 1.00 1.00
p5 5.73 1.03 1.00 1.00 1.00

pl0 10.33 0.96 1.01 1.00 1.00

p25d 7.38 0.95 0.95 1.00 1.01

p5d 8.40 1.04 0.97 0.98 0.98

seq p25 - 1.00 0.97 1.00 1.01
p5 7.00 1.00 0.98 1.00 1.01

p10 3.00 1.00 0.84 1.00 1.01

p25d 4.00 0.99 1.08 0.99 1.01

p5d 4.00 1.01 0.98 0.99 0.99

spla p25 8.67 1.00 1.23 1.01 1.01
p5 6.75 0.99 0.91 1.01 1.00

p10 5.00 1.02 1.07 1.01 1.00

p25d 9.67 1.04 0.92 1.01 1.01

p5d 6.00 1.01 1.04 1.00 0.99

tseng p25 - 1.06 1.00 1.01 1.03
p5 - 1.01 1.00 1.01 1.03

p10 - 1.01 1.00 1.01 1.01

p25d - 1.04 1.01 1.01 1.02

p5d - 0.98 1.01 1.01 1.02

Geo. Mean 6.85 1.01 0.98 1.00 1.01

Table 40 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-fast” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding ba

BBQ Bounding Box Qualit

CF Critical Patt

CPC Critical Path Qualit

CwW Channel Widt

CWQ Channel Width Quialit

Quality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement tii

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "-superfast" / iPlace

Speedup CWQ CPQ BBQ WLQ

alu4 p25 2.00 1.08 1.05 1.04 1.04
p5 1.00 1.05 1.16 1.05 1.05

p10 - 1.02 0.94 1.03 1.03

p25d - 1.04 1.05 1.04 1.06

p5d - 1.07 1.01 1.04 1.04

apex2 p25 0.50 1.05 1.06 1.05 1.07
p5 - 1.06 0.97 1.05 1.07

p10 1.00 1.09 1.01 1.05 1.07

p25d 4.00 1.02 1.03 1.03 1.03

p5d 4.00 1.07 0.98 1.05 1.06

apex4 p25 - 1.02 0.97 1.04 1.03
p5 2.00 1.03 1.05 1.03 1.03

p10 - 1.02 1.04 1.04 1.03

p25d - 1.02 1.01 1.04 1.04

p5d - 1.05 0.94 1.03 1.03

bigkey p25 1.00 0.98 1.00 1.10 1.08
p5 1.50 0.88 0.95 1.10 1.07

pl0 0.50 0.96 1.01 1.10 1.08

p25d - 0.99 1.04 1.10 1.08

p5d - 0.97 1.00 1.08 1.06

clma p25 1.73 1.10 0.96 111 1.10
p5 1.80 1.13 0.98 1.13 1.12

pl0 1.73 1.10 0.96 111 1.10

p25d 1.87 111 0.90 1.09 1.09

p5d 2.00 1.08 0.95 1.08 1.08

Table 41 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-superfast” versus iPlace

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "-superfast" / iPlace

Speedup CWQ CPQ BBQ WLQ

des p25 - 0.95 1.02 1.13 1.12
p5 - 0.93 1.03 1.14 1.12

p10 - 0.99 1.05 111 1.11

p25d 2.00 0.94 0.97 111 1.10

p5d - 0.91 0.94 111 1.09

diffeq p25 2.00 1.15 0.99 112 1.12
p5 - 1.13 0.98 112 1.14

p10 - 1.08 1.00 1.10 1.08

p25d - 1.16 0.98 111 1.10

p5d - 1.14 0.98 111 1.09

dsip p25 - 1.04 0.96 111 1.10
p5 - 1.03 0.96 111 1.11

p10 - 1.01 0.98 1.10 1.09

p25d 1.00 1.02 0.97 1.10 1.08

p5d 1.00 1.02 0.97 1.10 1.07

elliptic p25 6.00 112 1.03 112 1.11
p5 3.00 1.07 1.00 111 1.12

pl0 2.50 1.10 1.02 112 1.12

p25d - 1.13 1.01 112 1.12

p5d 2.00 111 1.06 111 1.12

ex5p p25 1.00 1.04 0.98 1.05 1.03
p5 - 1.03 1.13 1.05 1.03

pl0 - 1.03 0.88 1.05 1.05

p25d - 1.04 0.94 1.04 1.04

p5d - 1.01 1.04 1.05 1.05

Table 42 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-superfast” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit




Synthetic circuits VPR "-superfast" / iPlace

Speedup CWQ CPQ BBQ WLQ

ex1010 p25 2.20 1.06 0.95 1.05 1.04
p5 2.00 112 1.01 1.08 1.09

p10 2.00 1.06 0.97 1.05 1.05

p25d 2.00 1.09 0.96 1.07 1.06

p5d 2.20 1.08 0.95 1.06 1.06

frisc p25 2.67 1.07 1.00 1.09 1.09
p5 1.80 1.09 1.00 1.09 1.08

p10 2.00 1.07 1.02 1.10 1.11

p25d 1.40 1.07 1.00 1.09 1.09

p5d 2.33 1.10 0.99 1.09 1.09

misex3 p25 - 1.04 1.18 1.04 1.05
p5 - 1.05 0.95 1.04 1.06

p10 - 1.06 1.09 1.04 1.05

p25d - 1.03 1.02 1.03 1.03

p5d - 1.05 1.00 1.04 1.05

pdc p25 2.20 1.07 1.06 1.06 1.06
p5 1.83 1.07 1.35 1.07 1.07

pl0 2.00 1.09 1.00 1.08 1.06

p25d 2.60 1.05 0.81 1.05 1.05

p5d 1.86 1.08 0.96 1.07 1.07

s298 p25 - 1.04 0.94 1.06 1.05
p5 - 1.07 1.01 1.05 1.04

pl0 - 1.05 0.99 1.05 1.06

p25d 1.00 1.06 0.97 1.05 1.05

p5d - 1.03 0.98 1.05 1.04

Table 43 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-superfast” versus iPlace Cont’

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit
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Synthetic circuits VPR "-superfast" / iPlace
Speedup CWQ CPQ BBQ WLQ
s38417  p25 2.17 1.20 0.94 1.20 1.20
p5 1.33 121 0.96 1.24 1.23
p10 1.44 121 0.97 1.20 1.18
p25d 1.50 1.14 0.98 1.16 1.15
p5d 1.90 1.07 0.98 1.19 1.18
s38584  p25 3.20 1.14 1.02 1.16 1.16
p5 1.45 1.13 0.98 1.14 1.14
p10 2.33 1.10 1.04 112 1.12
p25d 2.00 1.14 0.98 1.16 1.15
p5d 1.90 1.14 0.99 1.14 1.16
seq p25 - 1.06 1.03 1.05 1.06
p5 2.00 1.06 1.01 1.05 1.06
pl0 1.00 1.06 0.90 1.05 1.06
p25d 1.50 1.07 0.97 1.06 1.08
p5d 1.00 1.08 1.00 1.06 1.08
spla p25 2.33 1.08 1.11 1.09 1.09
p5 1.50 1.07 0.96 1.10 1.09
pl0 1.20 1.09 0.97 1.08 1.08
p25d 3.00 1.09 1.02 1.09 1.08
p5d 1.50 1.09 0.99 1.07 1.06
tseng p25 - 1.08 1.02 111 1.12
p5 - 1.08 1.03 111 1.12
pl10 - 1.08 1.01 1.10 1.09
p25d - 1.07 1.02 1.10 1.11
p5d - 1.10 1.01 1.10 1.10
Geo. Mean| 1.75 1.06 1.00 1.08 1.08

Table 44 Single-Region Synthetic Benchmark PlacemeResults: Relative
performance VPR “-superfast” versus iPlace Cont’

Legend

Bbox
BBQ
CF
CPC
Cw
CWQ
Quality
RT
Speedu
WL
WLQ

Results with Run time too fast to mea
Total bounding ba

Bounding Box Qualit

Critical Patt

Critical Path Qualit

Channel Widt

Channel Width Quialit
Experimental result relative to iPle
Average Run time of the simulati
Speed up in placement tii

Total WireLengtl

WireLength Qualit
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Table 45 Single-Region Synthetic Benchmark PlacemeResults: Placement

Synthetic
Circuit Syn 2.5 Syn 5 Syn10 Syn2.5d Syn5d GeoMean
alud 2.24 3.28 3.64 3.08 2.3B 2.86
apex: 1.22 1.23 1.54 1.75 2.18 1.95
apex: 2.53 2.29 2.65 2.13 2. 2.41
bigkey 4.75 4.60 4.13 3.92 4, 4.45
clma 2.41 2.64 2.05 5.24 3. 3.02
des 4.09 4.29 4.80 4.47 4, 4.0
diffeq 2.86 2.67 2.55 3.58 2. 2.48
dsip 2.88 2.56 2.45 2.11 2. 2.31
elliptic 4.27 4.97 3.37 4.78 3. 4.03
ex5r 2.38 2.54 1.86 2.02 2. 2.37
ex101( 2.36 1.96 2.47 2.84 2. 2.48
frisc 2.73 2.73 3.69 2.56 2. 2.18
misexd 1.78 2.33 1.72 1.80 2. 2.02
pdc 4.01 3.09 2.24 4.64 4, 3.5
529¢ 2.47 2.05 2.35 2.71 1. 2.23
3841 4.36 3.94 3.22 4.55 5. 4.22
53858 5.02 4.89 6.27 4.59 6. 5.38
sec 1.90 1.77 1.77 2.23 2. 2.7
spla 3.09 3.77 4.63 3.83 5. 4.05
tsenc 2.99 3.25 3.02 3.50 2. 3.08
[Geomean 2.97

Stability for VPR Baseline

Table 46 Single-Region Synthetic Benchmark PlacemeResults: Placement

Synthetic
Circuit Syn 2.5 Syn5 Syn10 Syn2.5d Syn5d GeoMean

alu4 1.57 1.54 1.65 1.55 2.38 111
apex: 1.39 1.34 1.40 2.00 2.3 1.5
apex< 1.99 1.96 1.81 2.05 1.79 1.92
bigkey 1.28 1.29 1.42 1.25 1.51 1.35
clma 2.73 2.69 2.72 3.19 3.98 3.02
des 1.23 1.15 1.50 2.31 2.84 1.49
diffeq 1.53 1.47 1.76 2.33 1.60 111
dsip 0.99 1.11 1.23 1.13 1.7 1.12
elliptic 2.28 2.41 2.40 2.36 2.37 2.36
ex5g 1.55 1.55 1.31 1.57 2.59 1.66
ex101( 1.53 1.60 1.52 1.88 1.50 1.0
frisc 2.84 2.80 2.82 2.92 2.83 2.84
misex: 1.35 1.47 1.47 1.50 2.14 1.87
pdc 2.11 2.11 2.14 2.91 3.0p 2.43
529¢ 2.15 2.32 2.39 2.33 2.36 2.31
s$3841° 2.15 2.16 2.43 2.81 3.69 2.9
53858« 2.46 2.40 2.60 2.36 4.76 2.80
sec 1.61 1.66 1.67 1.53 2.80 1.41
spla 1.66 1.69 1.87 2.30 291 2.04
tsenc 1.05 1.10 1.12 1.25 1.4p 1.18

[Geomean 1.89

Stability for iPlace
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Appendix B Single-Region Physical Re-Synthesis BenchmarkiRes

Single-Region iPlace (inner_num=1)
Physical Resynthesig RT cW cp Bbox WL
Benchmark (s) (ns) +10°
Circuit
clma- 2.5 3.0 494 26.2 528 6.8
clma-5 3.4 486 27.9 529 6.7p
clma - 10 3.0 494 26.8 535 6.8
clma - 15 3.4 50.6 26.6 546 6.9p
ex1010 - 2.5 1.2 46.4 16.2 278 3.6p
ex1010 - 5 1.0 46.8 16.5 281 3.71L
ex1010 - 10 1.6 46.2 16.6 283 3.71L
ex1010 - 15 1.2 45.0 16.8 284 3.71L
misex3 - 5 - 376 12.3 73 0.9%
misex3 - 15 0.2 358 12.7 75 1.0L
pdc - 2.5 1.2 604 22.3 349 4.6p
pdc - 5 1.0 61.0 19.3 352 4.6[
pdc - 10 1.0 60.2 21.1 353 4.6[
pdc - 15 1.0 59.8 19.9 356 4.71L
spla - 2.5 0.2 50.6 16.4 231 3.1p
spla-5 04 51.0 17.4 234 3.1%
spla - 10 0.4 51.0 17.4 235 3.1p
spla - 15 1.0 50.2 16.7 239 3.1p
Geo. Mean 1.0 495 18.9 282 3.7p

Table 47 Single-Region Physical Resynthesis BenchrkaPlace Placement Results

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle

RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit
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Single-Region VPR "default" / iPlace
Physical Resynthesis
Benchmark Speedup CWQ CPQ BBQ WLQ
Circuit

clma- 2.5 70.3 0.97 1.00 0.98 0.97
clma-5 64.8 1.00 0.91 0.98 0.9
clma - 10 76.9 1.00 0.93 0.98 0.9$
clma - 15 67.9 0.96 0.96 0.98 0.9
ex1010 - 2.5 59.3 1.00 0.99 0.99 0.9
ex1010 -5 74.4 0.99 1.09 0.98 0.9
ex1010 - 10 46.8 1.00 1.00 0.99 0.9
ex1010 - 15 62.8 1.00 0.99 0.99 0.9
misex3 - 5 - 0.98 0.97 0.99 1.00
misex3 - 15 36.0 0.97 1.00 0.97 0.96
pdc - 2.5 63.3 0.99 0.84 0.98 0.97
pdc - 5 80.2 0.98 1.01 0.98 0.98
pdc - 10 69.2 0.98 0.96 0.98 0.97
pdc - 15 70.8 0.99 0.94 0.99 0.98
spla-2.5 257.0 1.01 1.02 1.00 0.9
spla-5 106.5 0.98 1.02 0.99 0.9
spla - 10 109.5 0.99 1.22 0.99 0.9
spla - 15 44.8 0.98 0.99 0.99 0.9
Geo. Mean 71.9 0.99 0.99 0.99 0.98

Table 48 Single-Region Physical Resynthesis Benchrkdelative Performance,
VPR default versus iPlace

Legend

Bbox
BBQ
CF
CPC
Cw
CWQ
Quality
RT
Speedu
WL
WLQ

Results with Run time too fast to mea

Total bounding ba
Bounding Box Qualit
Critical Patt
Critical Path Qualit
Channel Widt
Channel Width Qualit

Experimental result relative to iPle
Average Run time of the simulati

Speed up in placement tii

Total WireLengtl
WireLength Qualit
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Single-Region VPR "-fast" / iPlace
Physical
Resynthesis |Speedup CWQ CPQ BBQ WLQ
Benchmark
Circuit

clma- 2.5 7.6 1.01 0.97 1.00 0.98
clma-5 7.4 1.02 0.89 1.01 1.01
clma- 10 8.4 1.03 0.93 1.01 1.01
clma - 15 7.8 0.98 1.03 1.01 0.99
ex1010 - 2.5 6.7 1.02 1.04 1.00 0.99
ex1010-5 8.4 1.00 1.03 1.00 0.99
ex1010 - 10 5.4 1.00 1.02 1.00 1.00
ex1010 - 15 7.2 1.02 0.99 1.00 1.00
misex3 - 5 - 0.99 0.93 0.99 1.00
misex3 - 15 4.0 0.97 0.92 0.98 0.97
pdc - 2.5 6.8 1.00 0.84 1.00 0.99
pdc - 5 8.4 1.00 1.03 0.99 0.99
pdc - 10 7.8 1.00 0.88 1.00 0.99
pdc - 15 8.2 1.00 0.94 0.99 0.99
spla - 2.5 28.0 1.03 1.09 1.01 1.00
spla -5 12.0 1.01 1.02 1.01 0.99
spla - 10 14.5 1.00 1.07 1.01 1.00
spla - 15 5.2 1.01 1.04 1.00 0.99
Geo. Mean 8.1 1.01 0.98 1.00 0.99

Table 49 Single-Region Physical Resynthesis Benchrkdelative Performance,
VPR “-fast’versus iPlace

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit
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Single-Region VPR "-superfast" / iPlace
Physical
Resynthesis |Speedup CWQ CPQ BBQ WLQ
Benchmark
Circuit

clma-2.5 1.7 1.08 0.96 1.09 1.08
clma-5 1.7 1.14 0.95 1.12 1.11
clma- 10 1.9 1.12 0.96 1.11 1.11
clma- 15 1.5 1.08 1.06 1.11 1.09
ex1010- 2.5 1.7 1.11 1.02 1.07 1.07
ex1010-5 2.0 1.07 1.09 1.07 1.06
ex1010 - 10 1.3 1.08 1.02 1.06 1.06
ex1010 - 15 1.7 1.12 1.02 1.08 1.08
misex3 - 5 - 1.04 1.08 1.03 1.04
misex3 - 15 - 1.03 1.03 1.02 1.02
pdc - 2.5 1.8 1.09 0.85 1.06 1.06
pdc - 5 2.0 1.07 1.14 1.06 1.07
pdc - 10 2.0 1.07 1.03 1.06 1.07
pdc - 15 2.2 1.06 1.16 1.05 1.05
spla-2.5 6.0 1.08 1.13 1.07 1.07
spla-5 2.5 1.05 0.99 1.07 1.06
spla - 10 3.0 1.07 1.05 1.08 1.07
spla - 15 1.6 1.06 1.23 1.08 1.08
Geo. Mean 2.0 1.08 1.04 1.07 1.0]

Table 50 Single-Region Physical Resynthesis Benchrkdelative Performance,
VPR “-super-fast” versus iPlace

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit
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Appendix C Multi-Region Physical Re-Synthesis Benchmark Resu

Multi Region iPlace(inner_num=1)
Physical-
Resynthesis
e |k ow cr Bo W
() (ns) *10° *10°

clone - 50 722 111.0 724 432 5.30
clone - 40 57.2 1100 725 390 4.87
clone - 30 64.8 1142 721 3.87 4.85
clone - 20 576 1174 712 3.79 4.77
clone - 10 58.0 1128 719 3.90 4.88
stdevO - 50 60.8 926 744 427 522
stdevO - 40 63.0 906 724 420 5.15
stdevO - 30 76.2 920 742 426 521
stdevO - 20 71.0 956 741 391 485
stdevO - 10 508 936 73.0 4.00 4.96
stdev010 - 50 89.0 140.2 758 423 5.26
stdev010 - 40 66.0 140.0 743 4.04 5.08
stdev010 - 30 63.8 1420 75.0 4.03 5.07
stdev010 - 20 56.4 1506 74.0 3.93 4.98
stdev010 - 10 70.4 1444 74.3 4.01 5.05
Geo. Mean 65.2 1146 73.4 4.04 5.03

Table 51 Multi Region Physical Re-Synthesis BenchmaiPlace Placement Results

Legend |
- Results with Run time too fast to mea
Bbox Total bounding bao

BBQ Bounding Box Qualit

CF Critical Patl

CPC Critical Path Qualit

Cw Channel Widt

CWQ Channel Width Qualit

Quiality Experimental result relative to iPle
RT Average Run time of the simulati
Speedu Speed up in placement til

WL Total WireLengtl

WLQ WireLength Qualit
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Multi Region VPR "default" / iPlace
Physical-
Resynthesis
Benchmark
Circuit Speedup CWQ CPQ BBQ WLQ

clone - 50 62.8 092 099 092 0.92
clone - 40 70.0 0.97 1.02 0.96 0.96
clone - 30 68.3 096 1.00 0.96 0.96
clone - 20 615 098 098 0.96 0.96
clone - 10 759 098 098 0.95 0.95
stdevO - 50 67.3 092 0.95 0.94 0.95
stdevO - 40 66.8 0.97 0.98 0.97 0.97
stdevO - 30 55.1 0.96 0.97 0.96 0.96
stdevO - 20 56.0 0.96 0.95 0.95 0.96
stdevO - 10 66.3 096 0.96 0.95 0.95
stdev010 - 50 47.1 097 096 096 0.96
stdev010 - 40 59.7 0.98 0.97 0.96 0.96
stdev010 - 30 68.6 098 0.98 0.96 0.97
stdev010 - 20 66.5 099 098 0.97 0.96
stdev010 - 10 585 0.97 0.97 0.95 0.96
Geo. Mean 63.0 0.96 098 0.96 0.96

Table 52 Multi Region Physical Re-Synthesis BenchmiaRelative Performance,
VPR default versus iPlace

Legend

Bbox
BBQ
CF
CPC
Cw
CWQ
Quality
RT
Speedu
WL
WLQ

Results with Run time too fast to mea

Total bounding ba
Bounding Box Qualit
Critical Patt
Critical Path Qualit
Channel Widt
Channel Width Qualit

Experimental result relative to iPle
Average Run time of the simulati

Speed up in placement tii

Total WireLengtl
WireLength Qualit
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Multi Region VPR "-fast" / iPlace
Physical-
Resynthesis
Benchmark
Circuit Speedup CWQ CPQ BBQ WLQ

clone - 50 6.7 096 098 096 0.96
clone - 40 79 100 098 0.99 0.99
clone - 30 75 100 0.99 099 0.98
clone - 20 6.6 1.00 1.00 0.99 0.99
clone - 10 82 101 099 0.99 0.98
stdevO - 50 76 100 0.98 099 0.98
stdevO - 40 69 103 100 101 1.00
stdevO - 30 56 098 0.97 098 0.98
stdevO - 20 6.5 100 095 0.99 0.99
stdevO - 10 71 100 096 0.99 0.99
stdev010 - 50 49 100 099 1.00 0.99
stdev010 - 40 6.3 099 098 098 0.98
stdev010 - 30 80 1.02 100 0.99  0.99
stdev010 - 20 71 100 0.98 099 0.99
stdev010 - 10 58 100 099 0.99 0.98
Geo. Mean 6.8 1.00 098 099 0.99

Table 53 Multi Region Physical Re-Synthesis BenchmiaRelative Performance,

VPR “-fast” versus iPlace

Legend

Bbox
BBQ
CF
CPQ
Cw
CcwQ
Quiality
RT
Speedu
WL
WLQ

Results with Run time too fast to mea
Total bounding bao

Bounding Box Qualit

Critical Patl

Critical Path Qualit

Channel Widt

Channel Width Qualit
Experimental result relative to iPle
Average Run time of the simulati
Speed up in placement til

Total WireLengtl

WireLength Qualit
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Multi Region VPR "-superfast" / iPlace
Physical-
Resynthesis
Benchmark
Circuit Speedup CWQ CPQ BBQ WLQ
clone - 50 12 111 103 111 1.09
clone - 40 15 111 104 111 1.10
clone - 30 14 115 103 114 1.12
clone - 20 15 110 103 114 1.11
clone - 10 1.3 | 112 100 111 1.09
stdevO - 50 15| 114 098 110 1.08
stdevO - 40 14 | 121 103 114 111
stdevO - 30 11 | 123 101 113 1.11
stdevO - 20 1.1 | 119 097 113 1.11
stdevO - 10 14 | 117 100 112 1.10
stdev010 - 50 09 113 098 115 113
stdev010 - 40 1.3 114 100 114 1.12
stdev010 - 30 1.7 | 110 099 111 1.10
stdev010 - 20 14 | 111 099 112 1.11
stdev010 - 10 1.2 | 110 099 111 1.10
Geo. Mean 1.3 114 100 112 111

Table 54 Multi Region Physical Re-Synthesis BenchmiaRelative Performance,
VPR "-super-fast" versus iPlace

Legend

Bbox
BBQ
CF
CPQ
Cw
cwQ
Quiality
RT
Speedu
WL
WLQ

Results with Run time too fast to mea
Total bounding bao

Bounding Box Qualit

Critical Patl

Critical Path Qualit

Channel Widt

Channel Width Qualit
Experimental result relative to iPle
Average Run time of the simulati
Speed up in placement til

Total WireLengtl

WireLength Qualit
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