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SUMMARY

In this thesi's we study the possibility of using logic replication in order to
improve timing performancein VLS design. In particular, we restrict our andysisto
FPGA architectures. We describe an dgorithm for post- placement timing optimization
that exploits the additional freedom degree of logic duplication.

Experiments on 20 large MCNC benchmark circuits demonstrate that that our
technique improves performance of acircuit of an average 13.5% with respect to VPR,
awdl known timing driven placement tool for FPGA, by replicating avery smal
amount of cdlls (lessthan 0.4% of the cdlls). The wire length degradation is of an

average 2.7%.



CHAPTER 1

Introduction

1.1 Technology Trends

VLS design processis usudly divided in severa steps. logic synthesis, physical design
and mask design. This thesiswill focus on physical design. In particular physical design can
further be divided into circuit partitioning, floorplanning, placement and routing. Each of these
phases determines with an increasing degree of accuracy the position of modules and wiresin
the final layout. Partitioning is necessary if the circuit is too big and can’t be placed on asingle
chip. Floorplanning is necessary in macrocell design and consistsin figuring out alignment and
orientation of modules so that some parameters are minimized. Placement is the task that finds
the exact position of each module. Routing consists in assigning routing resources (buffers,
tracks, switching boxes...) to the nets.

One of the most important trends in silicon technology has been the scaling down of
device and line geometries. The minimum transistor width that can be built on siliconis
becoming smaller and smaller, from 8 um in the late seventies to a value of lessthan 0.2 um at
the end of the nineties. Moore's law [1] of 1965 gives a good picture of this ongoing reduction.
It says that the minimum transistor feature size decreases by 0.7X every three years. Transistor
scaling has been made possible by the improved lithographic capability to print shorter gate
lengths and the ability to grow nearly perfect insulators with ever decreasing thickness. As

explained in [2] when the transistor Size is reduced by afactor S on the three dimensions, the



switching delay of the transistor is reduced of afactor S. At the same time the local interconnect
delay doesn’t vary and the global interconnect delay increases of afactor S'. The consequenceis
that the total delay of a circuit will depend more and more heavily by the interconnection delay.
As aresult working on performance optimization of the interconnections is becoming one of the
most important tasks of the modern approach to the physical layout problem.

The problem of reducing the impact of interconnections on overall performance of the
circuit has been treated with severa approaches: wire sizing, driver sizing, buffer insertion,
placement and routing agorithm oriented to performance improvement. In the last years each
single step of the layout design is focusing on timing optimization of the circuits. In particular,
in order to significantly reduce the length of interconnections, the placement and routing steps
are the most important ones. This thesis will focus on timing optimization at placement level

exploiting the possihility of little modifications of the netli<t.

1.2 Overview of the Timing Driven Placement Problem

1.2.1 State of the Art

Traditiondly the objective of placement agorithmsisto minimize the total layout area
The usua metric for this minimization is the total wire length. This operating scheme tries to
put very close to each other the modules more strongly interconnected. Intuitively it seems
obvious that decreasing net length increases performance. However, the speed of acircuit is
bounded by the speed of the dowest path among memory elements or pads. Therefore there are
some paths that are much more critical than the others and the nets belonging to those paths
must be shortened more than the others in order to increase the performance of the circuit. Thus,

timing driven placement must focuses on an objective different from that of traditiona



placement. Traditiona placement has as objective the minimization of net length and as
congtraint the impossibility of overlapping modules. On the other hand, timing driven placement
problem can be formalized in two ways: adopting as objective the minimization of wire length
and as congtraints the impossibility of overlapping modules (physica congtraints) and an upper
bound on the critical path delay (timing congtraint); or adopting as objective the minimization of
critical path delay and as constraint the impaossibility of overlapping modules.

The problem of timing driven placement received first attention in the late seventies [3].
The first approaches to the problem consist in afirst layout that doesn’t consider timing
requirements. Then timing verification by either smulation or gtatic timing analysisis
performed. If the layout doesn’t meet the timing congtraints, the design goes back to the
physical layout phase that takes into account the nets that were limiting the performance and
tries to shorten them [4] [5]. The problem with this approach was the huge overhead of design
time. In fact, going back to the beginning of the layout phase after the timing verificationisa
very time consuming task. Another problem of this approach was that there was no guarantee of
convergence of the iterative process.

Modern approaches to the problem can be roughly classified as Net Based approaches
and Path Based approaches. The Net Based agorithms don’t consider the timing constraints
directly. They try to trandate them into something else (mainly in net bounds or net weights). In
contrast, the Path Based approaches consider directly the timing constraints generated by the
critical paths of the circuit.

One of the first Net Based algorithms was to determine at the netlist level constraints to
the length of each nets so that the layout meet timing constraints [6] [7]. The problem with this
kind of approach was that it over constraints the placement and when it fails, there is no further
indication in order to achieve a feasible placement in the future. This approach is too strict
because by indicating for each net alength bound it forces the agorithm to search in very small

portion of the solution space. In fact there is no reason why every net should respect the



condraints. Some net could violate them without compromising the total delay of the path; in

fact another net of the path could balance the additional delay induced by the failing one.
Another very popular Net Based approach was to transform the timing constraints in net

weights that capture the criticality of every net using a particular heuristic. The first algorithms

of this category are [8] and [9]. In this case the problem is to figure out the criticality of a net

before the placement is performed. Moreover these techniques can’t recognize the critical paths.

They will try to shorten the most critical nets without considering the paths to which they

belong. For instance, the agorithm proposed in [9] uses an iterative partitioner that triesto

minimize the weighted sum of the cut set. In Figure 1 there are two situations that are very

different from the performance point of view, but that the tool can't distinguish.

Figure 1. Net based failure scenario

In the figure the bold nets are near critical nets. However in a) they belong to the same path, in
b) they belong to different paths. The situation a) is much worse than the other one but these

agorithms can't noticeit.



The path based approach takes into account the paths directly. There are three main
strategies that exploit this kind of algorithm: constructive strategies, smulated annealing
strategies and analytical strategies. An agorithm for constructive timing driven placement is
[10] that proposes an agorithm that places cells sequentially with a cost function that captures
the timing behavior.

An agorithm for simulated annealing placement that reaches great timing performances
is proposed in [11]. Smulated annedling starts from an initia Situation and iteratively generates
perturbations. It accepts a perturbation if it permits an improvement and with a certain
probability also if it degrades the objective function. The probability that a degrading
perturbation is accepted decreases iteration after iteration. Also the criteria of generating a
perturbation becomes tighter and tighter. This method permits to move through local minimums
during the initid iterations and to refine the placement during the final steps. This kind of
agorithm is very computationally expensive but usualy reaches good placements.

There are also very interesting algorithms that try to use both the Path Based and the
Net Based approach. For instance, [13] uses atwo phases iterative algorithm. In the first phase it
performs a kind of compression on the critical path by replacing the intermediate nodes closer
and closer to the sink without considering the constraints related to possible overlaps of
modules (Path Based phase). During the second phase it modifies the placement in order to

eliminate the overlaps using a Net Based agorithm.

1.2.2 Our Approach

The approach followed by thiswork will be an iterative agorithm that improves at each
step the delay on the critical path using both placement and netlist modification without

deteriorating the other near critical paths. During the timing optimization it's permitted one
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overlap at atime. Immediately after, the overlap is solved with an incrementa legalization
procedure that creates the room for the overlapping cell without perturbing too much the
placement. From this point of view the agorithm can be considered as a path based timing
driven optimization agorithm with the additiona freedom degree of being able to modify the

netlist during the layout by performing logic replications.

1.3 The Logic Replication Problem

1.3.1 State of the Art

Logic replication, the duplication of logic elements in order to improve some
performance parameter, is a technique that many recent works are trying to exploit. At the
moment the main uses of logic replication are in timing optimization during logic synthesis and
in min-cut partitioning.

A large fanout net may have a heavy capacitive load. The consequence isthat in order
to reduce the delay on that net it's necessary to have alarge driving gate. Duplication of the
driving gate reduces the fanout of the net and with appropriate fanout partitioning can
potentiadly permit to use smaller drivers without compromising the delay or improve the speed
of the circuit without any areaincrease [14]. In fact, among the pins of a net there are pins
associated to critical paths that force the driver to be larger and pins that are non-critical and
needn’t abig driver. Without gate duplication you have to put alarge driver in order to satisfy
the timing constraints on the critical pins; however that driver is unnecessarily big for the not
critical pins that make the capacitive load heavier but don’'t need to be so fadt. If you decouple
the criticad pinsfrom the not critical pins duplicating the driving gate you can speed up the pins

that need to be speeded up without deal with the large capacitive load of the previous situation.
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In Figure 2 you can see an example from [14] that explain this possbility. In the example w (Q)
is the width of the gate g; d is the required delay of the corresponding gate; ¢ is the input
capacitance of the gate; the delay of the gate is approximated as the total capacitance of the
output net divided by the width of the gate. In the situation (b), using gate duplication you can
save 4 units area. Otherwise you can speed up the circuit of 12% without any increase in circuit
area by sizing the gates g, and g, with width of 7.62 and 2.38. [14] proposes agorithms for

exploiting this additiona freedom degree in gate Sizing.

(g)=10
g wig)
d=20
() (=) (&) (s) (s)
d=15 d=15 d=5 d=5 d=5

c=10 c=10 c=10 e=10 c=10

(a)

(g )=4 PR
g wig W |"g_;,,l—2
=20 & 50

5 ) (%) (s S5
d=15 d=1i5 d=3 =5 d=5

Figure 2: Example of logic replication during gate sizing

After thisfirst approach to the problem the authors of [18] formalized the topic
demonstrating that gate duplication is NP-complete. They demonstrated that both the fanout

partitioning problem (given a gate that is about to be duplicated, splitting the fanout in order to

12



minimize the delay) and the globa optimization by duplication problem (given a network,
choosing which gate must be split in order to minimize the total delay) is NP-Complete.

Another widely discussed issue about logic replication is its gpplication in min-cut
partitioning. Here duplication is used in order to minimize communication between partitions.
Thiskind of application is pretty easy to understand. In fact the goa of partitioning isto
minimize the number of netsin the cut-set. Sometimes some modules are strongly connected to
the two partitions. Replicating those modules can effectively reduce the number of netsin the
cut-set.

Asyou can seein Figure 3 the bold cell is strongly connected to both the right and left
partition. If you duplicate the cdll, you can obtain a Stuation like that of Figure 4. In the new

configuration the cut-size is 2 while before it was 3.

Figure 3: Situation in which replication can improve cut size

13



Figure 4: Situation in which replication can improve cut size

Of coursein logic replication in order to maintain the same functiona behavior of the
network, is necessary to connect each input pin of the replicated block to the same input nets of
the original cell. Hence, the gain is equd to the number of output nets that were in the cut-set
minus the number of input nets that were not in the cut-set.

One of the first dgorithms that use the additional freedom degree of logic replication is
the one proposed by Kring and Newton [15]. This agorithm is an adaptation of the FIM
partitioner [16] that adds a third possible state for a cell that is being in both the partitions at the
sametime.

So far, the only research about timing implications of logic replication at the layout
stage is probably [17]. The approach followed by the authors is a Net Based approach based on
partitioning of aweighted network. For partitioning they use a modified version of the FM
partitioner. After each partition they evaluate with a better approximation of the delay of each
net and perform timing analysis. They assign to each net aweight taking into account its

criticality. They try to reduce the weighted sum of the nets in the cut-set using replication. This

14



kind of approach as every Net Based approach isn't able to capture the path nature of the delay

of circuits as explained in the example of Figure 1.

1.3.2 Our Approach

Our approach isto find the most critical cells on the critical paths and try to reduce their

criticality by replication and relocation. The ideais born with the following situation. Look at

the circuit of Figure 5; suppose that two critical paths flow through the cell 3. One is4-3-1 and
the other is 2-3-5. Suppose that it's impossible to relocate the cells 1,2,4 and 5 (maybe because
they are pads or pins of macro-cells or because they are strongly connected to many other
blocks in their region). In such a Situation it's impossible to improve the performance of the
circuit. In fact neither the first nor the second can be shortened without increasing the delay of
the other. The optimization would oscillate anong the situations of Figure 6 and Figure 7 that

are worse than the previous one.

------------------------------
L]

4 5

Figure 5: Situation in which replication can improve timing perfor mance
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Figure 6: Situation in which replication can improve timing performance

Figure 7: Situation in which replication can improve timing performance

However replication of cell 3 can lead to a much better situation (Figure 8). In this case
the delay on both the first and the second path can be largely improved without any increasein
wire length. In particular in the initia situation there were two non-monotone paths flowing

through the cdll 3.
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Figure 8: Situation in which replication can improve timing perfor mance

A monotone path between two nodes is a path with alength that is equal to the
Manhattan distance between the two nodes. Our initia assumption is that an easy way to reduce
the delay on the critical path is to make the path more monotone. Monotonicity is agood
parameter to guide the optimal location of the cells. In fact each couple of nodes (asink and a
source of a sub path) defines which is the area in which the intermediate nodes must be placed
in order to minimize the delay on the sub path.

Asyou can seein Figure 9 the nodes 1 and 4 and the nodes 5 and 2 define two regions
in which the intermediate nodes can be placed in order to minimize the delay. The farther the
intermediate nodes are from those regions the more the delay increases. If anodeisan
intermediate node for two different critical sub paths and you want to minimize the delay on
those sub paths by enforcing monotonicity, you have to place the node in the intersection of the
monotone regions induced by the sub paths. If the regions have no intersection, the only
solution is to replicate the intermediate node. And this is the main idea that will be developed in

this work.
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Figure 9: Monotone regions

1.4 Field Programmable Gate Array

Field Programmable Gate Array (FPGA) consists of alayout design style in which

programmable logic blocks are embedded in programmable interconnection (see Figure 10).

A Programmable
Intercormections
. |

-
Programmable
Logic

Figure 10: FPGA dructure




The success of FPGA in the last years is due to their extreme flexibility. In fact on
FPGA you can implement any circuit without passing through the fabrication step. This fact
permits to reduce the time to market and to significantly reduce the design cost. In fact unlike
ASICslogic and interconnections are not committed but can be configured after fabrication in
order to implement different functions and connectivity. The complexity of the logic blocks can
vary from the simplest logic function with a few inputs and one output to the most complex
arithmetic operation with multiple outputs. Usualy inside each logic block thereis at least one
memory element that permits to implement on FPGA also sequential circuits. The FPGASs from
the point of view of the silicon flexibility are between ASICs and microprocessors. In fact in
ASICsthe silicon is configured once and then it executes aways the same operations. In
microprocessors the silicon is configured every clock cycle and the same piece of silicon can
potentially execute different operations at each clock cycle. In FPGA the user programs the
silicon. Microprocessors pay their great flexibility with the overhead of reprogramming the
silicon at each clock cycle. In FPGA that overhead is paid only when the silicon must actualy
be reprogrammed. The problem with FPGA isthat due to the programmable nature of their
slicon they areintrinsically dow. In fact programmable interconnections have values of
capacitance and resistance absolutely higher than those of not programmable interconnections
because of the presence of programmable switches instead of simple wires. The typica structure

of the interconnectionsin an idand style FPGA isin Figure 11.
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Figure 11: FPGA inter connections

The connection matrixes allow each logic block to connect to the interconnection resources. The
switching matrixes control the routing of the signals among the tracks. Usudly switching and
connection matrix are implemented with pass transistor. The pass transistor augments the
capacitive load and the totd resistance of the line and occupies much more room in the layout
region; the consequence is a great increase of the interconnection delay and of the physical
dimensions of the circuit. It was estimated that a circuit implemented on FPGA occupies 10
times the room occupied by the same circuit on ASICs and has a speed 3 times Slower [19].
Moreover, the layout of FPGASs can't use buffer insertion and wire sizing techniquesin
order to reduce the impact of the interconnection delay due to their regular and fixed
architecture. The consequence is that the speed of the circuits that are mapped on FPGASsis
heavily bounded by interconnection delay. From here the necessity of developing timing driven

layout technique speciaized on FPGA.

20



But the necessity of timing driven layout for FPGA is not the only reason for
developing our work on FPGA. In fact dueto their regular structure FPGAs are the idedl
benchmark for an agorithm. In fact delay models are much more reliable on them than on
ASICs; the discreteness of the placement area alow the placement algorithms to be easier and
faster. In addition, testing is not a problem on FPGA.

Moreover, due to the fixed number of routing tracks among the logic blocks, it’s very
common that some logic blocks remain empty in order to avoid that the FPGA becomes
congested and, as a consequence, non-routable. This empty room inside the FPGA layout region

can be used in order to replicate logic blocks.
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CHAPTER 2

Methods

2.1.Versatile Place and Route

Versatile Place and Route (VPR) is our starting point in developing our algorithm [21].
We chose VPR because it's one of the best available tools for placement and routing of FPGAS.
Its good behavior in term of timing performance and wire length makes it very good for any
comparison. Moreover it's avery good environment for testing because its after routing timing
analyzer is very reliable. Our experiments will be aways based on circuits placed by the VPR's
placement tool and the final validation of the results will always be done by routing the

modified netlist and placement using the VPR’ s router and timing analyzer.

Netlist to be Target
placed architecture
Placement
Place the circuit on the to be
target architechwe routed
/ (optional)

Perfonn routing of the

circuit
Resulting Resulting
routing placement

Figure 12: Design flow of VPR
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The design flow of VPR isthat described in Figure 12. Asyou can see, it's a complete
CAD environment in which, starting from netlist and architectural description of the FPGA, you
get the placement and routing of your circuit. 1ts main advantage over the other toolsisiits great
versatility. In fact it's not suited for a specific FPGA, but, due to the possibility of receiving as
input the description of your target FPGA, it is appropriate for every kind of architecture [20].

The placement tool embedded in VPR is a simulated annealing placement tool. It can be
configured as wire length driven and as timing driven. It uses a particular adaptive schedule for
the smulated annealing agorithm. In fact usualy in smulated annealing the probakility that a
perturbation that degrades the objective function is accepted is given by:

P=¢ DC/T

DC is the degradation of the objective function caused by the perturbation and T (temperature)
is a parameter indicating the current probability of accepting moves that degrade the quality of
placement. The way in which T is updated is one of the factors that characterize different
smulated annealing schedules. In VPR T is updated trying to maximize the time in which the
agorithm performs the most productive perturbations.

The objective function varies if the placement is wire length driven or timing driven. If
the placement is wire length driven, the objective function is dightly different from the usua
objective function for pure wire length driven agorithms. In fact it tries to make the task of the

router more effective by penalizing the congested placements. The objective function is:

8 10 (1) b, (1) Cay (i) +Db, (1) / oy ()]

g (i) isaparameter that is function of the fanout of the net and determines how much the actua
length of the net is far from the half perimeter of the bounding box containing al the pins of the
net. Its value is obtained from [23]. bb, (i) is the horizontal span of the bounding box of the net;
the same for bb,. C  « (i) isthe average number of tracks per channel in the x direction; the
same for C o, (i). Thiskind of Objective function is able to pendize the placements that try to

use more routing resources than those that are available.
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The timing driven placement agorithm has as objective function a tradeoff between the
wire length driven objective function and a pure timing driven objective function. For each
interconnection the agorithm calculatesits timing criticality. The timing criticdity is:

Criticdity (i, j) =1 — Slack (i, j) / Critica_Path_Delay

The dack of an interconnection is how much delay you can add to that interconnection without
increasing the critical path delay. The timing cost of an interconnection is:

Timing_Cost (i, j)= Delay (i, j) Criticdity (i, )

The objective function for the timing driven placement is the sum of the timing cost of al the
pin-to-pin interconnections. The DC is calculated as a tradeoff between the DC of the pure
timing driven objective function and the DC of the wire length driven objective function. The
tradeoff is balanced by a parameter L that can give more or less weight to the perturbations that
affect wire length or timing performance.

One of the strong points of VPR isitstiming analyzer. It assumes that al the dots of the
FPGA from the point of view of the connectivity to the others are identical. In fact each cell due
to the regularity of the architecture has the same amount of routing resources. The consequence
isthat the delay between two blocks of the FPGA is function of the only horizontal and vertical
distances between the two blocks. Thus the timing analyzer builds alookup table addressable
with the distances Dx and Dy between the two blocks that holds the delays. The vaues of the
delays are computed by performing the routing of the two pins net connecting the two blocks
and evaluating the delay on the net using the EImore delay model. The great advantage of this
approach is the computational speed; the disadvantage isthat it doesn’'t take into account the
fanout of the actua net and the congestion of the FPGA in the region in which the net will be
actually routed. In order to avoid that the timing andyzer dows the algorithm down too much,
timing anaysisis performed only after a number of modification of the placement. The delays
of the interconnections are updated after every change (it's very fast because it requires just an

access to the lookup table) but the analysis of the pathsin order to extract the dacks of each
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interconnection is performed only after several modifications (this would be very
computationaly expensive because timing analysis has complexity linear in the number of the

nodes of the timing graph).

2.2. Benchmark FPGA Architecture

The FPGA architecture used for testing is an island style FPGA. It's a square array of
logic blocks with a channel of routing tracks among every row and column of logic blocks. All
the routing channels have the same number of tracks. At the perimeter of the array there are the
pads; there are two pads at the end of each row and column of logic blocks. In Figure 13 thereis

a4X4 instance of the architecture.
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Figure 13: A 4x4 instance of the benchmark FPGA
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The Configurable Logic Block (CLB) has a four input — one output lookup table (LUT) and a

Flip Flop (FF) as shown in Figure 14

o i

—lb

Figure 14: A configurable logic block

The location of the input and output pins are shown in Figure 15. As you can see there
is no indication about the location of the clock pin. Thisis due to the fact that VPR doesn’'t
consider the clock signal during routing because it assumes that dedicated routing resources will

be used for propagating the clock (and thisis the trend in commercial FPGA).
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Figure 15: Pin locations
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Each pin of the CLB can be connected to all the adjacent tracks. Each input and output
pad can be connected to al the adjacent tracks. Thereis only one type of wire segment with

length of one logic block. Each segment starts from a switch matrix and ends in the adjacent

switch matrix (Figure 16).

Logic Blocks
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Swatch MWatrzes

Figure 16: Routing structure

When atrack entersin a switch matrix there are three switches that connect the track to
other three tracks in the adjacent channels. This means that the signal on track number j of a
channel can only be routed toward the track number j of another channel. Using the standard
FPGA terminology it's an i-to-i switch matrix. All the switches of the FPGA are implemented

using tri-state buffers in order to make the timing analysis easier.
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2.3. Static Timing Analysis

Static timing analysis is the procedure that figures out the maximum speed of a digital
circuit without smulating it. From this point of view timing andysisisjust atool for the fina
verification of a design. However, in timing driven layout it's fundamental to know during the
development of the layout the current timing behavior of the circuit. Thus, the timing andyzer
should produce as result not only the estimated maximum delay of the circuit, but also other
information (for instance the time in which the input signals of a gate are al stable or the
maximum delay from a gate to the memory elements or pads of the circuit or the timing
criticality of anet or of a gate).

The basic data structure of atiming analyzer is the timing graph. There are many
possihilities for the structure of the timing graph. One of the most common is to represent the
logic elements of the circuit as the nodes of the graph and the pin-to-pin interconnections as the
edges of the graph. In this case to each edge is assigned the delay of the corresponding
interconnection and to each node is assigned the delay of the corresponding gate [13]. Another
possibility isto assign to each net a node and the edges of the nets represents the
interconnections of each net with the driver gate of the other nets [9]. Inthiscase adelay is
associated only to the nodes. In fact each net is assumed to have the same delay on al the pins
and the delay of a gate is added to the delay of the driven net. The scheme that we will adopt is
very similar to that proposed by the authors of VPR [21]. To each pin and to each pad and to
each memory element is assigned a node. The edges represent the functional interconnections
among the pins. Thus, a combinatorial logic block is represented as a sub-graph with a number
of nodes equa to the number of active pins of the block; from each input pin starts an edge
toward the output pin; from the output pin starts one edge toward al the pins of the driven net.
A sequentia logic block is represented in the same way, but the edges from the input pins are
directed toward the node corresponding to the memory element. In Figure 17 you can see the

possible schemes of the logic blocks in the timing graph.
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Figure 17: From logic blocksto timing nodes

The only nodes without any incoming edge correspond to the output pins of the memory
elements and to the input pads of the FPGA. The only nodes without any outgoing edge
correspond to the memory elements and to the output pads. Due to the fact that one of the basic
rules of design of digital circuitsisto avoid combinatorial cycles, and because the timing graph
decouples input and output of the memory elements, loops in the timing graph are impossible.
Thus, the timing graph is a Directed Acyclic Graph (DAG). The sources of the DAG are the
modes without any incoming edge (input pads and memory elements) and the sinks of the DAG
are the nodes without any outgoing edge (output pads and outputs of memory elements). To

each edge of the graph is assigned a weight that is the delay between the pins corresponding to
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source and destination of the edge. If the two pins belong to the same block it's a combinatoria
delay. Otherwise it’s an interconnection delay.

The arrival time of ablock isthetimeinwhich dl itsinput sgnas are stable. The
required arrival time of a gate isthe arrival time that is required for that gate in order to not
increase the maximum delay of the circuit. The downstream delay of a gate is the maximum
delay over al the paths that from that gate go to a memory element or to an output of the circuit.
The dack of an interconnection or of a gate is the delay that you can add to that interconnection
or gate without increasing the maximum delay of the circuit. On the timing graph these vaues

are:

Tarrival (I) - i inr?e%es(i){del ay( J ’ I) + Tarrival ( J)}

Tdownstream(l) - ji OUT?d(geS(I){del ay(l’ J) +Tdownstream(])}

Trequired (I) = MaximumDel ay - Tdownstream(i)

Sack(l, J) = Tariva (1) = Trequirea( ) - delay(, J)

Of course the arrival time of a source node of the timing graph is 0 and the same for the
downstream delay of a sink node. In order to figure out the other values the timing analyzer
vigits the nodes of the graph twice with avisit in topologica order. During the first visit the
agorithm computes the arrival times that at the beginning are initidized to 0 starting from the
sources of the graph. At the end of the first traversd, the biggest arriva time is the maximum
delay of the circuit. The second visit computes the downstream times and the required arrival
times of the nodes and the dacks of the edges. At the end of the second traversal the edges with

the most critical ones and those with a dack equal to O form the critical paths. It's obvious that,
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if the delays on the edges of the DAG are known, the complexity of the timing anayzer is

linear.

2.4.Delay Model

In FPGA the delay of the logic blocks is exactly known at the netlist level. In fact the
logic functions are implemented using lookup tables and the output of the logic block is
decoupled from the load by buffers. The problem is the interconnection delay. In fact, the delay
on a pin-to-pin interconnection is a function of several parameters: distance between the two
pins, fanout of the net, presence, position and size of buffers, geometry of the net tree,
capacitance and resistance of the wires, capacitive load of the source pin and others. In FPGA
layout the problem is easier because of the regularity of the architecture. In FPGA position of
buffers and sizing of pass transistors and wires and capacitive load of pins are known from the
description of the target FPGA.

In order to caculate the value of the pin-to-pin delay, the most reliable way isthe
simulation of the circuit using SPICE (Simulation Program Integrated Circuits Especidly), a
circuit smulation program developed at the University of California, Berkley. Thiskind of
smulation is very computationaly expensive and requires a huge amount of CPU time for the
smulation of very smal circuits. With a modern digita circuit it's absolutely inapplicable. The
most common delay model in recent works is the Elmore delay model [24]. The EImore delay is
a technique that evaluates the delay of the RC trees. Thus, in order to use it with VLSI
interconnection you have to approximate the various elements of an interconnection as
resistances and capacitances. Buffers are transformed in output resistances and input

capacitances with afixed delay; pass transistors are modeled with input and output capacitances
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and resistances, wires as RC ladders, drivers as resistances and input pins as capacitances

(Figure 18).
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Figure 18: Circuit elements modeled as RC ladders

The Elmore delay between the node i and the node j of an RC tree is defined as ([25]):
T@,j)=4ay oani . jy R(K)C(Tree(k))

Where path (i, j) is the set of resistors belongings to the path between i and j, and C (Tree (K)) is

the total capacitance of the tree rooted at k.

Using the Elmore delay you can cal culate with good approximation the delays between
buffer and buffer on an interconnection and, from these delays and the intrinsic delays of the
buffers, the delay of apin-to-pin interconnection. The problem is that you need to know the tree
structure of the net, and the value of resistance and capacitance of each single segment. The
values of resistance and capacitance are known from the description of the target architecture.
The exact tree structure of a net is unknown until the end of the routing phase. However, routing
the circuit after every placement modification in order to update the delays would be too
expensive in terms of computation time. Thus our approximation is to consider each pin-to-pin
interconnection individualy. The delay of the interconnection is the delay of the monotone path

spanning between the two pins. This assumption with a general FPGA architecture would be
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completely arbitrary. However, with our particular target architecture it’s not very imprecise. In
fact, due to the fact that al the switches are buffers, the delay on a pin is completely decoupled
by the fanout of its net. In fact buffers isolate the capacitances at their outputs introducing just a
constant capacitance. Moreover, if the fanout of the net is small and the FPGA is not very
congested, the router is usually able to route a monotone path between two pins.

Using the Elmore delay it’s easy to demondirate that the delay on this kind of path isa
linear function of the Manhattan distance between the two pins. In fact the buffered switches
decouple the capacitances on the single length wire segments and linearizes the total delay.
Thus the delay becomes a function of the number of switches on the path that as you can see
from Figure 19 is alinear function of the Manhattan distance between source and destination
(obvioudy with some inaccuracy due to the fact that the position of the pinsis approximated as
the center of the CLB). In Figure 19 there are 3 paths with the same Manhattan length and the

same number of buffers.

Figure 19: Manhattan distance and number of crossed switches
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Moreover this approximation seems to capture the trend of modern FPGA architecture
to linearize the delay. In fact in Figure 20 you can see a graph with data about the delay in a
Xilinx Virtex FPGA extracted by experiments with the timing analyzer provided by Xilinx. On
the X-axis there is the Manhattan length in terms of logic blocks of the interconnection and on
the Y-axis the delay in ns of the interconnection. As you can seethe delay isin first

gpproximation a linear function of the Manhattan distance.
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Figure 20: Delay asfunction of Manhattan distance in Xilinx Virtex FPGAs
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CHAPTER 3

A Path Based Algorithm

3.1. Preliminary Analyses

The purpose of our algorithm is, starting from an existing placement of a circuit,
exploiting the logic replication of a smal amount of combinatoria CLBsin order to improve
the clock period. The first necessary task for the design of such an algorithm is to analyze the
characteristics of the most critical paths of some circuits in order to get indications about how to
improve their performance.

The firgt indications come from the distribution of the arriva times at outputs and
memory elements of the FPGA. In Fgure 21, Figure 22 and Figure 23 you can see them for the
benchmark circuits Bigkey (Figure 21), Elliptic (Figure 22) and Frisc (Figure 23). On the X-axis
of the graph there are the outputs and the memory elements of the circuits (sinks of the timing
graph) ordered from the fastest to the sower; on the Y -axis the corresponding arrival times. As
you can see, the sinks can roughly be grouped in three sets whose elements have similar arrival
times:. the first set, characterized by the best timing behavior, is composed by the most part of
the output pads and some memory elements; the second set is composed by most of the memory
elements and the remaining output pads; the last set contains the memory elements that actually
dow down the circuit. The last set is the smallest one and is the most interesting one from the

point of view of the timing optimization of the circuit.
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Figure 21: Sink delays of Bigkey
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Figure 23: Sink delays of Frisc
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The consequence of this digtribution is that optimization of a small number of critical
sinks can greatly improve the performance of the circuit. If the distribution was continuous,
after you have improved the performance of the worst sink, the performance would be bounded
by the delay on the next critical sink that is just dightly better than that you have improved.
With a segmented distribution of the delays, after you have improved the delays of the worst
segment, you can observe ajump on the performance improvement due to the fact that the next
critical sink belongs to the next set. Moreover, with a uniform distribution of delays, you
couldn’'t improve the critica path by pendizing the other paths. In fact, in such a situation al
the paths are near critical and penalizing one path leads to the creation of a new critical path.

Another interesting consideration comes from the analysis of the criticality of the

modules of the FPGA. We define criticality of anodei as:

Sack(i)

Criticality(i) =1- ——
Critical _Path _Delay

The maximum criticality is 1 and carresponds to the nodes of the critical path. If you
consider the most critical nodes (those with criticality greater than 0.9) you can find that they
congtitute a very small portion of the circuit. In fact, you can see from Table 1 that the most
critical modules are on average only the 5% of the modules.

Let the critical sub circuit be the set of modules with a criticality greater than some
value [26][9]. It's easy to demonstrate that its trandation in timing graph is a set of connected
DAG. From each connected DAG you can extract a set of nodes that, if deleted from the DAG,
makes the DAG unconnected (Proper Node Separator with the terminology of [9]). If you can
reduce the delay on outgoing or incoming edges of the proper node separator you can improve
the timing performance of all the connected DAG that you are considering. It's obvious that if
the number of connected DAG is bigger, the optimization of the circuit is more difficult because
involves the optimization of many independent proper node separators. On the contrary, if there
isjust one connected DAG, optimizing the performance is much easier. The analysis of the sub

circuits condtituted by the most critical modules shows that the most usua structureis
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composed by many sources and many sinks with a small amount of possible intermediate sub
paths. The consequence is that the number of connected DAGs that constitute the critical sub
graph isusudly smal and it's usualy possible to find proper node separators of just one node or

at least with avery small number of nodes.

Number of most Total number of Percentage of

critical nodes modules most critical
Circuit modules
frisc 342 3692 9.263272
spla 68 3752 1.812367
s298 186 1941 9.582689
elliptic 189 3849 4.910366
s38417 150 6541 2.293227
des 176 2092 8.413002
bigkey 13 2133 0.60947
Average 5.269199

Table 1: Number of moduleswith criticality greater than 0.9

Our path based timing optimizer iteratively chooses from the current critical DAG a
node that is very likely to be a proper node separator and that can be effectively optimized
enforcing monotonicity to al the sub paths flowing through it. Our algorithm optimizesits
position using either relocation or replication.

Another interesting consideration comes from the observation of the locations of the
nodes of the critical sub circuits. In fact they are usually clustered in afew regions. In Figure 24
there is the benchmark circuit Frisc placed on FPGA. The points represent the modules with a
criticality greater than 0.9. They are very close to each other and mainly clustered in two highly
congested zones. Of course optimization in that zones is very difficult because there are no

empty sots where | can put areplicated cell. If you want to create room for a cell, you have to
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relocate some critica cells with the possibility of deteriorating the timing performance of the

circuit.

Figure 24: Positions of the nodes with criticality greater than 0.9 in Frisc

3.2. OQverview of the Algorithm

The dgorithm, starting from an initia placement, iteratively generates a
perturbation to the placement trying to relocate a cell on the critical path in order to enforce
monotonicity on the sub paths flowing through it. The algorithm chooses the new position for
the cell taking into consideration only the timing constraints and not the physical constraints of
the placement (impossibility of cell overlapping). If the timing behavior of the circuit is better

by replicating the cell instead of just relocating it, the algorithm replicates the cell otherwise it
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just move the cell. Thus a the end of this first step the placement could beillega due to the
overlapping of the replicated (or relocated) cell on another cell. In order to solve this
overlapping the algorithm creates the room for the new cell with an iterative procedure that tries
to induce very small modifications to the placement. In

Figure 25 there is the pseudo code of the algorithm. This pseudo code is very genera
and can be adapted in order to obtain many possible variations of the agorithm. The version
that isimplemented and tested is a kind of greedy algorithm. In fact, the current algorithm
terminates when it fails getting an improvement for a certain number of iterations in row; the
only accepted modifications are those that lead to a timing improvement of the circuit and the

modification are evaluated step by step.

1 While(exit_criteria() )

2 Network analysis ()

3 Save current situation()

4 Timing constraints satisfied=FAL SE

5 While ( (cell selection is possible)& & ( Timing constraints satisfied==FALSE) )
6 Seleted cell=cell selection()

7 While (possible to generate timing constraints)

8 Target clock= timing constraints generation()

9 While (possible to select aslot)

10 Selected slot=slot selection()

11 If (timing constraint satisfied (Seleted cell,
12 Selected slot, Target clock) )
13 Timing constraints satisfied=TRUE
14 If (Timing constraints satisfied)

15 New cell=cell generation(Seleted cell, Selected slot)

16 Fanout partitioning (New cell, Seleted cell )

17 If (placment isillegal)

18 Legalize(Selected Slot)

19 M odification discarded=check placement

20 If (Modification discarded)

21 Restore | ast saved situation()

Figure 25: Pseudo code of the algorithm
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Of course, due to the structure of the agorithm, it's easy to adapt it to a smulated
annealing algorithm. In fact, the behavior of the iterative routine that tries to exploit the
replication of acell isnot completely deterministic. Thus, you can substitute the greedy criteria
of evaluation of the modifications with a probabilistic one where the probability that a
modification that makes the placement worse is accepted is function of the induced degradation
and of the current temperature.

P=¢g DC/T
Y ou can aso, during the initial iterations, expand the dimension of the perturbations produced
by the algorithm by checking the placement only after some iteration and then, step-by-step,
you can shrink the dimension of the perturbation by checking more and more often. Of course
you have to decide a schedule for the behavior of temperature and perturbation dimension.

This simulated annealing version would be probably more effective than the current
greedy version, but the implementation and testing of a smulated annealing schedule is outside
the purposes of this work that wants just to investigate the possibilities of timing driven logic

replication.

3.3. Network Analysis and Cell Selection

This section is about the first part of the iterative loop, the part in which the cell that
will be considered for relocation and timing optimization is selected. The purpose of this section
isto find a cell whose relocation can induce a good gain on the circuit performance. The
technique that will be applied by the dgorithm will be to enforce monatonicity on the critica
sub path; thus, the first ideaiis to figure out which are the nodes that determine non-monotone

sub paths. A measure of how much the relocation of a node of the critical path can improve the
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delay of the critical path isits deviation from the critical sub path. Where the deviation of a
nodei is.

deviation(i) = dist (prev(i),i) +dist(i, next(i)) - dist(prev(i),next(i))
Of course the distance is intended as Manhattan distance and next (i) and prev (i) are the next
and the preceding nodes on the critical path. Thisis the measure of how much anode is outside
of its monotone region. Due to the fact that in our FPGA and with our delay model, the delay is
alinear function of the distance, the improvement that you can get on the critica path is alinear
function of how much you can put the node closer to its monotone region.

In order to choose the node, the algorithm evauates for each node of the critical path its
deviation from the monotone region. Then a vector of random values varying from 0 to 1
multiplies the vector of the deviations of the nodes. Finally the vector is sorted by deviation
from the biggest one to the smallest one. The selection of the cells will follow the order induced
by the sorted vector.

In Figure 26 you can see an example of a path and three monotone regions. The vector
of the deviations will be something like:

(2,0,4,2,6,0)
The vector of the nodes:
(2,3,4,5,6,7)
The random vector:
(0.845228514, 0.326446948, 0.246800495, 0.038992786, 0.159481936, 0.483416546)
The resulting vector:

(1.690457028, 0, 0.987201982, 0.077985573, 0.956891614, 0)
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Figure 26: A path and three monotone regions

The purpose of the multiplication by the random vector is to give to the agorithm the
possihility of improving the performance if it fails with the apparently best possible node (the
one with the biggest deviation). The experimenta results, as we will see, confirm that the

randomized vector works better than the not randomized one.

3.4.Timing Constraints Generation and Slot Selection

The purpose of this section of the algorithm is to figure out which is the best position
for the new cell in order to obtain the maximum performance gain on the critical path avoiding
that other paths flowing through the cell become more critical than the current critical path. The
adopted routine is. generate atarget clock; if, by relocation or replication of the selected cell,
you can generate a new placement able to respect that maximum delay on al the paths flowing

through the selected, accept that configuration; otherwise increase the target clock. The
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generated placements can violate the physical constraints because the legalizer will enforce
them. If the procedure can't find a dot with atarget clock better than the current clock, another
cell is selected and the routine starts again.

If you consider a cell, a path flowing through it and a target clock, it’'s possible to define
aregion in which you can put the cell so that the delay on the path is less than the target clock.
That' s the feasibility region of that cell from the timing point of view. That region is the set of
dots whose sum of the delay from the preceding and to the next node on the path is less than the
current delay between preceding and next node plus the dlack of the path with respect to that
target clock. Due to the fact that delays are linear function of Manhattan distances, that region is
the region insde the dlipsis (in Manhattan geometry) with as focuses preceding and next node.
Of course if you select atarget clock that induces a negative sack on the path, it's possible that
the region becomes of 0 area. In Figure 27 there is an example of feasibility region. When you
want to impose atarget clock to acell, you are forcing that cell to be put inside the intersection

of the feasibility regions imposed by al the paths flowing through it.

- "

Figure 27: Feasibility region

Let's consider agenerd cell with multiple fanin and multiple fanout. The current

position of the cell is somewhere insde the intersection of the feasibility regions imposed by the



current clock. If you choose as target clock avaue less than the current target clock, thereisno
reason why aregion that is common to al the new feasibility regions exists. In fact each
possible path flowing through the cell imposes a feasibility region. The number of possible
feasbility regionsis:

num_ feasibiliy _regiongi) = num_nodeg fanin(i))* num_nodeg fanout(i))
If you don't put any congtraint to the feasibility regions you have no guarantee that these
regions have a common intersection. In Figure 28 there is a possible situation. The cell that we
are considering does not appear. The cdl isacell with two inputs (from nodes 1 and 2) and 2
outputs (to nodes 3 and 4). The feasibility regions induced by the two inputs with the node 4 are
those inside the dotted lines. The others are inside the continuous lines. The cell is currently
somewhere inside the black zone that is the intersection of al the feasibility regions. If you
shrink just alittle the feasihility regions by reducing the target clock, the common region
disappears and there is no way to place the cell so that the target clock is respected.

Let's consder acdl with multiple fanin and fanout equa to one. The Situation is Similar
to that described above; the difference is that, if you choose as target clock avalue that isless
than the current clock but at least equa to the delay on the critical path if the critica sub path
flowing through that node was monotone, aregion that is common to all the new feasibility
regions exist. In the worst case in fact the next node on the critical path constitutesiit.

Let's go back to the Situation of multiple fanin and multiple fanout. If you can duplicate
the selected node, you can place one node in the region induced by the node 4 and the other in
the region induced by the node 3. In a genera situation we can consider the decoupled regions
induced by each output node of the selected cdll.

That’s exactly what our agorithm will try to exploit. When you begin to reduce the
clock, the feasibility regions begin to shrink; at a certain point the region induced by the most
critical output node becomes separated from the others. At this point, it's impossible to reach

the target clock by just relocate the node. The only way to reduce the clock is to replicate the
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cell and to put it in the feagibility region induced by the most critical target node. If you go on
reducing the target clock, the number of unconnected regions grows. In order to improve the
delay in such a situation the logic duplication is not enough and you need multiple replications.
Our agorithm imposes atarget clock and check if there is position where | can place a new cell
in order to respect that clock for al the paths flowing through it in the direction of the most
critical node. If there exists it places the new cell, otherwise it increases the target clock. The

fanout-partitioning routine decides if the old cell is necessary or not.

Figure 28: Four feasibility regions with a common inter section
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3.5. Fanout Partitioning

Fanout partitioning is the operation of choosing for each node of the fanout of the nets
that start from the cell that is considered for replication if it will be connected to the origina
block or to the replicated one.

A first smple approach could be to connect the blocks that are closer to the replicated
cell to the replicated one and those that are closer to the old cell to the old one. This approach is
the wire length driven approach. However this approach leads to alocal wire length
improvement but can lead to timing performance and global wire length degradation. In fact
look at the example in Figure 29. The dotted edges represent the two possible pin-to-pin
connections. If you connect the cell 3 to the cell 2 you are reducing the wire length on that pin-
to-pin interconnection; however, the path 1-2-3-4 is longer than the path 1-2R-3-4. Thus you are

inducing degradation both in timing performance and in globa wire length.

Figure 29: Failure scenario for wirelength driver fanout partitioning
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Our algorithm takes into account such a situation. It checks which is the best timing
configuration for each pin-to-pin interconnection and select the best one. If at the end the old
cell has O fanout, it is deleted. There are also other possible approaches that are suitable in order
to not deteriorate the timing behavior. For example, in order to reduce the number of duplicated
cdl, you can force the interconnections that can be put on the replicated cell without violating
the timing constraints also if they make a path dower. However, this approach doesn’t seem
very effective especially on large fanout where it'simpossible to force a O fanout on the old cell
without violating the timing congtraints. In that case in fact you are deteriorating the timing
behavior of not critical paths without getting the elimination of the old cell. Another possible
approach could be trying to maintain a small fanout for the net containing the most critica
interconnections in order to make easier for the router to route the tree of the nets belonging to

the mogt critical paths. This approach seems to be interesting but it’s not tested in this work.

3.6.Legalizer

The purpose of the legdizer is, starting from an illega placement (with overlap of
modules), obtaining a placement without overlap. The perfect timing driven legdizer is able to
solve the overlap of the modules without violating the timing constraints. Such alegdizer does
not exist. In fact it’simpossible to guarantee for each illegal placement alega one because
legalization could always induce deterioration of near critical paths. If you consider that the
critical nodes are usudly very close to each other (see Figure 24), the degradation of near
critical paths seems to be a common situation during legalization. However due to the fact that a
displacement of just one cdll can’t heavily affect the timing behavior of the circuit, awire length

driven legdizer that performs a minimum amount of swaps of adjacent cellsis good for
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legdization in atiming optimization context. A possible dgorithm is: find the nearest empty

cell to the overlapping module; compute for al the cells in the rectangle that has as vertices the
overlapping module and the nearest empty dot the wire length gains of the two possible
displacementsin the direction of the empty dot; build agraph in which each cell of the
rectangle is a node and there is an edge between two nodes if they are adjacent and the
destination is in the direction of the empty dot (the weight of the edge is the gain calculated
above); the graph isa DAG and the path with the maximum cost is the reconfiguration path with

the maximum wire length gain.

3.7.An Example

Let’s examine an example with a couple of run of the agorithm. In Figure 30 you can
see an example of a possible situation in which atiming gptimizer without the freedom degree
of logic replication can’t do anything. Let’s see which is the behavior of our algorithm. The
delays are the distances in terms of CLBs. Logic delay is not taken into consideration. Through
the cdll four paths flow: A-C-B, D-C-B, A-C-E and D-C-E. The cell A has an arriva time of 5;
D hasan arriva time of 10; B and E have down stream delays of 10; the delay among A and C
is9; the delay among D and C is 4; the delay among C and B is 4; the delay anong Cand E is
6. Thus the total delay of the 4 pathsis for A-C-B 28, for D-C-B 28, for A-C-E 30 and for D-C-
E 30. Let’s suppose that 30 is the current maximum delay through the circuit. The cell C isvery
critical. In fact, if | want to reduce the delay on the two critica paths (A-C-E and D-C-E) | have
to move the cell up and on the left. However, if | move it up of one position, | penalize of 2 the
path A-C-E that from 28 gets a delay of 30 and becomes the new critical path. The same if |
move the cell on the left of one position because of the path A-C-B that gets a delay of 30. from

the point of view of the feasibility regionsthe cell C is a the intersection of the four feasibility
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regions induced by the four paths. But if you try to reduce the clock, there are two separated

feasibility regions. One induced by the paths A-C-E and D-C-E and one induced by the other

two paths.
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Figure 30: Thefour sub paths

Our agorithm follows one of the two critical paths (let’s suppose A-C-E) and considers
the cell with the bigger deviation from his feasibility region. Let’s suppose that we are using the
deterministic version of the algorithm. in this case it chooses to optimize the cell C. Firgt of all it
generates the timing constraints and chooses as target clock the better target clock that can be
reached on the critical path imposing monotonicity to the sub path flowing through C. in this
case is the downstream delay of E (10) plusthe arrival time at A (5) plus the distance between A

and E (7). The total is 22.The dgorithm looks for a position in which it's possible to place C in
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order to get amaximum delay on al the paths flowing through C toward E of 22. It doesn’t
exist because the minimum possible delay on the path D-C-E is 26. Thus it begins to relax the
timing constraints until the target clock becomes 26. With this target clock the feasibility
regions become those in Figure 31. Asyou can see an intersection exists and are the two sots
(3,6) and (3,7). The dgorithm put the new cell in the dot (3,7) because it’s closer to the idedl
position imposed by the critica path that is in the center of the feasibility region imposed by A-

C-E.

Figure 31: Feasibility regions with respect to the node E
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After the replication of the cell C we have the situation of Figure 32. Now the algorithm
has to decide if the edge C-B (the dotted one) must be connected to the replicated cell C_R (and

this would kill the cell C) or to the ariginal cell C.

0’

Figure 32: Replication of cell C

The choice of the algorithm is to connect the cell B to the original cell because the worst path
flowing through has a delay of 28 while with the other connection it would have a delay of 34.

After the legalization, the Situation that the algorithm finds at the next iteration isin Figure 33.
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10

Figure 33: Situation at the beginning of the second iteration

There are again two critical paths: A-C-B and D-C-B. Both of them have adelay of 28. Let's
suppose the dgorithm chooses to consider D-C-B. It finds a deviation of 2 on the node C. It
triesto find a new position for the cell C. It imposes as target clock the minimum possible for
the selected critical path that isthe arriva time at D (10) plus the distance between D and B (6)
plus the downstream delay from B (10). The total is 26. Thus the algorithm searches afeasible
cell for atarget clock of 26. With such target clock the feasibility regions are in Figure 34. As
you can see the intersection exist and is constituted by the dots (3,6), (3,7), (2,7) and (2,8). The
agorithm chooses the dot (3,6) because it’s the closest to the idedl position imposed by the
critica path that it's considered (D-C-B). The agorithm places the cell Cin (3,6) and finds the
stuation of Figure 35. Of course there is no need of fanout partitioning because the fanout of

the cdl isjust one.
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Figure 35: Final situation



The dtuation in Figure 35 is very hard to improve. In fact we have two critical path of
length 26 that are aready monotone (D-C_R2-B and D-C_R-E) and one that is not monotone
and can be improved by moving to the left the cell C_R2. However the agorithm doesn’t move

the cell in that direction because there is no possibility of actua timing improvement.
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CHAPTER 4

Experimental Results

4.1. Timing Performance Improvement

In this section we compare the speed of 20 MCNC benchmark circuits placed using
VPR and with that of the same circuits that were optimized with replication of logic blocks after
the placement performed by VPR. The circuits were placed on square FPGASs of minimum
dimensions with respect to the number of pins and logic blocks. The circuits will be routed by
VPR assuming a number of track that is 20% more than the minimum required number of tracks
in order to make routable the origina circuit. The timing performance will be evaluated using
both our pre-routing timing analyzer and the post-routing timing analyzer embedded in VPR.
Both the placement and the routing tool of VPR were executed in timing driven mode with
default parameters. Thus the entire design flow istiming driven.

In Table 2 we compare the minimum clock period for the origina placement and that
after the algorithm has timing optimized the circuit. As you can see the average improvement is
a 14.32% after the post-placement timing analysis and 12.92% after the post-routing timing
analysis. The degradation of the post-routing gain with respect to the pre-placement gain is due
to the fact that atiming driven router works better with a less optimized placement becausein a
very optimized placement there are alot of near critical paths while in aless optimized there are
just afew critical paths with a bigger delay. Thus the timing driven router with a small number
of critical paths can allocate the routing resources to them without penalizing to much the near

critical paths; on the contrary with alot of critical pathsit’s very difficult for the routing to find
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routing resources for al the near critical paths. This situation has a smaller impact if the number
of routing resources is very high. In this case in fact the router can easily find routing resources

for many paths without penalizing no one.

Pre-Routing Timing Analysis Post-Routing Timing Analysis
Clock Clock
period Clock period Clock
Circuit before  period after Gain (%) before  period after Gain (%)
replication replication replication replication
(ns) (ns) (ns) (ns)
alu4 116.9 92.6 20.787 120.25 98.81 17.82952
apex2 128.88 104.73 18.73836 132.42 108.56 18.01843
apex4 109.7 98.3 10.39198 113.62 101.09 11.02799
bigkey 67.2 56.93 15.28274 69.01 64.82 6.071584
clma 229.4 178.11 22.35833 241.07 184.86 23.31688
des 81.99 76.71 6.43981 82.93 82.32 0.73556
diffeq 78.4 76.71 2.155612 80.87 76.08 5.923086
dsip 70.05 69.48 0.813704 74.93 74.97 -0.05338
elliptic 111.42 102.3 8.185245 112.08 104.31 6.932548
ex1010 205.6 169.7 17.46109 212.68 176.84 16.85161
ex5p 109.5 84.63 22.71233 111.51 89.01 20.17756
frisc 151.58 122.34 19.29014 154.64 125.46 18.86963
misex3 102.3 83.28 18.59238 104.65 88.52 15.41328
pdc 244.38 185.66 24.02815 254.98 201.27 21.0644
s298 128.52 116.76 9.150327 130.58 123.76 5.222852
s$38417 117.15 117.15 0 123.01 123.01 0
s38584 1 118.3 90.78 23.26289 122.92 96.07 21.84348
seq 114.63 92.25 19.52368 117.96 95.1 19.37945
spla 125.25 101.31 19.11377 149.26 117.73 21.12421
tseng 77.07 70.8 8.135461 76.34 69.77 8.606235
average 14.32115 12.91775

Table 2: Pre-routing and post-routing results

Another fact that could have a bad impact on the post-routing results is that the placer of
VPR always tries to avoid the FPGA congestion. Our optimizer doesn't take into account

congestion and, when it can’'t get a high gain, it degrades the post-routing performance of the
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circuits. An example of this phenomenon is the circuit Dsip in which the pre-routing gain was of

less of 1% and after the routing we have performance degradation.

We have a o tried to route the circuit with in a Situation with greater

availability of routing resources and we have found a better situation. In Table 3 we compare

the results for arouting of the circuits on FPGA with 20% more routing resources than required

and for arouting of the circuits on FPGA with 50% more routing resources than required. As

you can see our algorithm gains more with more routing resources.

Circuit

alu4
apex2
apex4
bigkey
clma
des
diffeq
dsip
elliptic
ex1010
ex5p
frisc
misex3
pdc
$298
s38417
s38584_1
seq
spla
tseng

average

20% more tracks than minimum

Clock
period
before

replication

(ns)

120.25
132.42
113.62

69.01
241.07

82.93

80.87

74.93
112.08
212.68
111.51
154.64
104.65
254.98
130.58
123.01
122.92
117.96
149.26

76.34

Table 3: Resultswith greater availability of routing resour ces

required

Clock
period after
replication

(ns)

98.81
108.56
101.09

64.82
184.86

82.32

76.08

74.97
104.31
176.84

89.01
125.46

88.52
201.27
123.76
123.01

96.07

95.1
117.73
69.77

Gain (%)

17.82952
18.01843
11.02799
6.071584
23.31688
0.73556
5.923086
-0.05338
6.932548
16.85161
20.17756
18.86963
15.41328
21.0644
5.222852
0
21.84348
19.37945
21.12421
8.606235

12.91775
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Clock
period
before
replication
(ns)

120.43
132.42
113.62

69.01
239.84

82.94

79.67

75.52
112.08
213.87
111.51
154.64
104.42
253.24
131.77

125.4
122.92
117.96
128.49

76.34

Clock
period after
replication

(ns)

96.2
108.57
101.11

61.84
184.07
82.33
76.08
74.85
104.32
175.65
88.81
125.46
86.74
200.91
119.59
125.4
96.82
95.36
106.38
70.36

50% more tracks than minimum
required

Gain (%)

20.11957
18.01087
11.01039
10.3898
23.253
0.735471
4.506088
0.887182
6.923626
17.87067
20.35692
18.86963
16.93162
20.66419
9.243379
0
21.23332
19.15904
17.20756
7.833377

13.26029



4.2.Wire Length Impact

Each time you perform replication it’'s possible that the wire length grows up. In
fact when you replicate a cell you have to add to al the input nets of the original cell one more
pin. The consequence isthat, if the new pin is outside the current bounding box of the net, the
half perimeter wire length (HPWL), that is one of the most reliable wire length measure at
placement level, grows up. In Table 4 you can see the HPWL degradation of the benchmark

circuits after the timing optimization of the algorithm.

HPWL
before = HPWL after HPWL
Circuit replication replication degradation
(# of blocks) (# of blocks) (%)

alu4 8449 8708 -3.06545
apex2 13831 14119 -2.08228
apex4 10020 10836 -8.14371
bigkey 10349 10509 -1.54604
clma 57564 59346 -3.09568
des 14796 14840 -0.29738
diffeq 7048 7068 -0.28377
dsip 6241 6620 -6.07274
elliptic 24112 24402 -1.20272
ex1010 31959 34786 -8.84571
ex5p 9870 10432 -5.69402
frisc 33040 33298 -0.78087
misex3 9614 10127 -5.33597
pdc 44426 46702 -5.12313
s298 7759 8033 -3.53138
s38417 34681 34681 0
s38584 1 29017 29774 -2.60882
Seq 12916 13650 -5.68287
spla 29778 31411 -5.48391
tseng 4549 4758 -4.59442
average -3.67354

Table4: HPWL degradation
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4 .3. Routability Impact

Our agorithm doesn't take into consideration routability constraints. Thus it’s possible
that the minimum number of tracks required to route a circuit increases after the optimization of
our agorithm. The possible causes could be: the increase in the number of logic blocksin
critical regions of the FPGA; the growth of the fanout of some net; the legdizer that degrades

the uniformity of the placement.

Min # of Min # of  Routability
Circuit tracks tracks  degradation
before before (%)
replication replication

alu4 10 11 -10
apex2 11 12 -9.09091
apex4 11 12 -9.09091
bigkey 7 8 -14.2857
clma 12 13 -8.33333
des 8 8 0
diffeq 8 8 0
dsip 6 6 0
elliptic 12 12 0
ex1010 11 12 -9.09091
ex5p 14 15 -7.14286
frisc 14 14 0
misex3 11 11 0
pdc 17 18 -5.88235
s$298 8 9 -12.5
s38417 8 8 0
s38584 1 9 8 11.11111
seq 12 12 0
spla 16 16 0
tseng 7 7 0
average -3.71529

Table 5: Degradation in minimum required number of tracks
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In Table 5 we compare the minimum number of tracks before and after our timing
optimization. As you can see there is usualy a small degradation in routability. Only in one case

there is an improvement and in 9 cases there is degradation.
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CHAPTER 5

Conclusions and Future Work

5.1. Conclusions

This work examines the possibilities of timing driven logic replication at placement
level and presents a path based agorithm for timing driven logic replication in FPGA. The
agorithm tries to enforce monotonicity on the sub-paths that dow down the circuit with an
iterative process that exploits the additiona freedom degree of logic replication. The assumption
of thiswork isthat the algorithm will work on very timing optimized circuits. Thus, further
timing optimization will aways operate in regions with high dengity of critica cdlls. In such a
Stuation the main focus of an optimizer must be to avoid pendizing too much the neer critical
sub-paths. And this is exactly the focus of our agorithm that aways take into account the
timing requirements on all the paths involved in a move. The experimenta results confirm the
effectiveness of our algorithm. In fact the comparison of our algorithm with awell-known
timing driven placement tool that doesn’t use logic replication reveds that our agorithm gains
an average 13% on the clock period with awire length degradation of just 3.7%.

There are two main problems that require further investigation: the problem of non-

monotone clugters and the problem of replication of memory elements and pads.
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5.2. Non-monotone Clusters

Our approach with respect to monotonicity is to optimize the sub paths of three
elements. This approach doesn't consider the situations in which non-monotonicity of apath is
not induced by local non-monotonicity of a sub path of 3 elements. Let’s see an example. In
Figure 36 there is a non-monotone path. In fact the total length of the path is more than the
distance between source and target. However the length of the interna sub pathsis aways equal
to the distance between source and target of the sub paths. The problem is with the nodes 4 and
5 and with 6 and 7. In fact from the local point of view of the sub paths of dimension three they
are monotone; but if you look at the sub paths of dimension four they are not monotone. In fact
the sub paths 3-4-5-6 and 5-6-7-8 are visbly non-monotone. At the moment our agorithm is not
able to deal with this kind of non-monotonicity. The problem with these clusters of non-
monotone nodes is that in order to eliminate the cluster you have to respect the constraints

imposed by the feasibility regions induced by all the sub paths that constitutes the cluster.

Figure 36: A path with non-monotone clusters
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Thus the placement of acell is over-constrained by this huge amount of feasibility
regions that it must respect. Another problem is that a single move made in order to increase
monotonicity on a cluster can be completely ineffective by itself. In fact, in order to get an
immediately measurable gain, you need a number of ineffective moves. In the example of
Figure 36, in order to improve monotonicity on the sub path 5-6-7-8 you need to move down
cdl 6 without any immediate timing gain and then cell 7 obtaining a non-monotone sub path.

Simulated annedling can help in such a situation. In fact, if you permit aso moves that
don’t lead to any gain, and you have a probability that aso ineffective moves are accepted, the
agorithm will be able to solve clusters. The problem with smulated annedling is that the
number of replication that you can perform on an FPGA is not huge. Thus you need to develop
agorithm able to get agood gain in a smal number of iterations. A possible solution could beto
run sometimes a kind of garbage collector that checks for each replicated cell if it isreally
necessary in order to improve performance or if it's possible to kill it and to free room for

another more useful replication.

5.3. Replication of Memory Elements and Pads

Like for combinatoria blocks, also for sequentia blocks and pads replication could be
useful. In this case monotonicity of critical pathsis not a good parameter in order to guide the
placement of areplicated memory element or pad because they are at the beginning and at the
end of the paths. However placing a memory element so that monotonicity of the pseudo paths
induced by the concatenation of incoming and outgoing paths would improve performance.
Moreover in such a Situation the position in side the feasibility region would be an important
issue. In fact putting a node closer to the more critical paths would decrease the delay of the

paths.
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