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Physical Design for Reconflgurable Computing System
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The architecture of a reconfigurable system consists of reconfigurable logic modules, classica
non-reconfigurable logic modules, and (reconfigurable) interconnections/system buses for connecting those
modules. A reconfigurable system typicaly integrates modules of different functions (e.g., microprocessors,
multimedia units, communication units, embedded memory, etc) and improve logic density and flexibility by
time-sharing. For the design of such a system, we need to consider the integration of large-scale circuit modules
and tempora constraints for circuit performance optimization. Therefore, it is desired to effectively integrate
various functional modules to optimize silicon area, timing, power dissipation (especially the dissipation due to
logic reconfiguration), and at the same time satisfy the design constraints induced from the electrical effects such
as crosstalk, clock skew, etc. This subproject intends to study the issues in physical design for the reconfigurable
system, including (1) physical design for reconfigurable circuits (tempora floorplanning and placement), (2)
integration of logic modules (large-scale circuit floorplanning, placement, routing, etc., and (3) modeling of
electrical effects for the reconfigurable system.

Keywords: reconfigurable system, reconfigurable computing, physical design, floorplanning, placement,
routing, crosstalk, clock skew
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1. Background

The architecture of a reconfigurable system consists of reconfigurable logic modules, classical
non-reconfigurable logic modules, and (reconfigurable) interconnections/system buses for connecting those
modules. A reconfigurable system typically integrates modules of different functions (e.g., multimedia units
[subproject #3], communication units [subproject #4], microprocessors, embedded memory, and other
general-purpose functional units [subproject #2]) and improve logic density and flexibility by time-sharing. For the
design of such a system, we need to consider the integration of large-scale circuit modules and temporal
constraints for circuit performance optimization. Therefore, it is desired to effectively integrate various functional



modules to optimize silicon areg, timing, power dissipation (especialy the significant dissipation due to logic
reconfiguration), and at the same time satisfy the design constraints induced from the electrical effects such as
crosstalk, clock skew, etc. This subproject deals with the issues in physical design for the reconfigurable system,
including (1) physical design for reconfigurable circuits (tempora floorplanning and placement), (2) integration of
functional units ([large-scale] circuit placement and routing), and (3) anaysis electrical effects for the
reconfigurable system.

1.1. Physical Design for Reconfigurable Circuits

A reconfigurable circuit improves logic efficiency by dynamically re-using hardware. Currently there is fast
growing research interest in dynamically reconfigurable devices (DRD’s) (such as Dynamically Reconfigurable
Field-Programmable Gate Arrays, DRFPGA) for reconfigurable computing. In a DRD, a large design can be
partitioned into multiple stages to share the same smaller physical device at different time frames. Dynamic
reconfiguration of logic blocks and wire segments can be performed by reading the on-chip SRAM bits of each
configuration in order.

Figure 1 shows the Xilinx DRD configuration model [1]. The DRD emulates a single large design through
multiple configurations. Circuit configuration can be partitioned into multiple stages and stored in the
configuration memory planes (CMPs), which consists of a two-dimensiona array of configuration memory cells
(CMCs). The DRD can hold only one active configuration at any time frame. Each configuration is caled a
micro-cycle, and one pass through al micro-cyclesis caled auser cycle. All combinational logic is evaluated, and
flip-flop values are updated in one user cycle. The example target architecture consists of an array of augmented
XC4000-style CLBs [1, 2]. Each CLB includes a set of micro registers (MRs) to hold the CLB results between
configurations. Every CMC of the origina FPGA consists of eight inactive memory cells. MRs not only store the
intermediate values of combinational logic for use in later micro-cycles, but also hold latch values for use in the
next user cycle. A micro-cycle starts with saving all the CLB results of the previous micro-cycle in MRs, and then
a new configuration is loaded into the active configuration memory. The loading process is called flash
reconfiguration.
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Figure 1: The Xilinx DRFPGA configuration model.

Unlike the traditional logic devices, the execution order of nodes in a DRD must follow their precedence
(temporal) constraints. For example, anode in a combinational circuit must be executed no later than its outputs. It
implies that a cut in a DRFPGA partitioning should be a uni-directional cut. Therefore, it is necessary to ensure the
correct execution order of nodes. As an example, Figure 2 shows part of a design that has been partitioned into
four memory planesin a DRD. Assume that a vertex requires a CLB and an interconnection requires an MR. Thus,
the partitioning shown in Figure 2(a) needs five CLBs (# of vertices in the figure, max{w(Vi)}) and five MRs (# of
interconnections in the figure, max{|l;[}) while that shown in Figure 2(b) uses only three CLBs and three MRs.
Therefore, the partitioning shown in Figure 2(b) is desirable.

3

stage: 1 2 4
0O =0 ! |
| | |
O———=0 | |
| | |
mﬁo\:_\,&
| |
0 |
' i !
# of vertices 5 4 ] ] max{w(Vi) }=5
# of interconnections 5 2 2 max({| Ii[}=5
(a)
| | |
O—+0 | I
| I O—+—=0
| | |
I I |
O\;\é/\
0 : O
OO |
#of vertices 3 3 3 2 max{w(Vi) }=

# of interconnections 3 2 3 max{| 7i|}=3
(b)
Figure 2: Precedence-constrained (temporal) partitioning.

Due to the precedence (temporal) constraints, al stages of the physical design for DRDs must consider the
execution order and minimize the reconfiguration costs (reconfiguration time, reconfiguration power, etc.) as well



as the traditional costs (delay, area, etc). We describe the following physical design problems with the precedence
(temporal) constraints as follows:

Tempora floorplanning: Given a set of circuit modules with precedence constraints among the modules, each
with afixed area, assign the modules into a chip so that a cost metric (area, wirelength, reconfiguration power, etc)
is minimized.

Tempora placement: Given a set of circuit nodes with precedence constraints and a target DRD, place the
nodes into the DRD so that a cost metric (total wirelength, reconfiguration power, etc) is minimized.

There is not much work on DRD placement, floorplanning, and routing. We formulated the temporal
placement problem in [3] and presented a heuristic for handling the problem. Bazargan et. al. recently formulated a
floorplanning problem for reconfigurable computing [4].

1.2 Integration of Functional Units

A reconfigurable system typically integrates a versatile set of functional units (e.g., multimedia units
[subproject #1], communication units [subproject #2], microprocessors, embedded memory, and other
general-purpose function units [subproject #6]). (Currently, designs with tens of millions transistors have been in
production.) On one hand, designs with such high complexity need to handle large-scale circuits. On the other
hand, the highly competitive IC market requires faster design convergence, faster incremental design turnaround,
and better silicon area utilization. Efficient and effective hierarchical design methodology and tools capable of
optimizing large-scale circuits are essential for such large designs.

————. to-be-routed net already-routed nat
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Figure 3. The multilevel framework for routing.

Traditional physical design agorithms do not scale well as the design size, complexity, and constraints
increase, mainly due to their inefficiency, inflexibility in handling non-hierarchical data structures. We study in this
project a multilevel framework to handle the physical design problems for large-scale circuits. A multilevel
framework typicaly consists of two stages (see Figure 3), coarsening followed by uncoarseninging. The
coarsening stage iteratively groups a set of circuit components (nodes, modules, nets, etc) based on a cost metric.
The uncoarsening stage iteratively ungroups a set of the previously clustered circuit components and then refines
the design solution. Based on the multilevel framework, we propose to study the partitioning, floorplanning,
placement, and routing problems to handle large-scale circuits. The multilevel framework for partitioning has been
studied extensively in the literature (e.g., [5], Chaco [6], Metis [7], ML [8]) while there is not much work on
multilevel circuit placement [9] and multilevel routing [10]. The work [9] is based on the interior-point and the
multipole methods, which obtains only dightly better wirelength but uses much longer running time than
GORDIAN [11], atraditional placer. The work [10] considers only routability, which is not sufficient for modern
performance-oriented circuit designs. Therefore, it is desirable to develop efficient and effective
performance-driven multilevel frameworks for floorplanning, placement, and routing to handle large-scale circuits.
1.3 Optimization of Electrical Effects

Voltage drop 1s mainly due to the resistance of the on-chip power
distribution network. When a large current flows through, un-acceptable
voltage drop may happen. The voltage drop may cause timing uncertainty
and slew rate slow-down, hence affecting performance and increasing power
consumption.

In the past, 1ow resistance in a power system and relatively low
current levels made voltage drop a second -order effect that could safely
be ignored. In deep sub-micron (DSM) technology, the reduced power supply
voltage, increased current density, and thinner wires used in designs are
causing an increase in the number of failures in the power distribution

networks.



As a result, design of power distribution networks becomes an
important task. With lower supply voltages yielding smaller noise margins,
voltage drop is a first-order effect and can no longer be ignored during
the design process.

We show the voltage drops by power distribution network. Figure
4(a) depicts the different voltage drops at neighboring nodes. Suppose
that the minimum voltage required is Vmin. Figure 4(b) shows the voltage
drop of HMI is greater than Vmin, and we try to find a signal -integrity
(SI) driven floorplanning under all voltage drops are satisfied, as shown
in Figure 4(c).
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Figure 4: (a) The different voltage drops at neighboring nodes; (b) The

voltage drop of HMI is greater than Vmin; (¢) An SI -driven floorplanning
1s used to solve the voltage drop problem.
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We discuss the underlying techniques, approaches, and solutions for
handling the proposed problems.

1. Physical Design for Reconfigurable Circuits
1.1. Problem Formulation

In the reconfigurable architecture, a task v is loaded into the device
for a period of time for execution. Let V={vi, vs ..., va} be a set of m
tasks whose widths, heights, and durations are denoted by Wi, Hi, and T,
1£iem. Let (xi, yi) ((X'i, ¥y 1)) denote the coordinate of the bottom-left
(top-right) corner of a task vi and, 1£i£m, on the chip. We use ti (t’ 1)
to represent the starting (ending) time of vi, 1£i£m, scheduled in the
reconfigurable device.

To guarantee the correctness of the functions in the reconfigurable
architecture, we must satisfy temporal precedence requirements, which
describe the temporal ordering among tasks. We refer to the temporal
precedence requirements as precedence  constraints. Let

D={(v,)|1£i,j€ mit jdenote the precedence constraints for the tasks viand

vi. The precedence constraints should not be violated during
floorplanning/placement.



1. 2. Techniques and Approaches

We solve the 3-dimensional floorplanning/placement problems of the
general reconfigurable architecture by using a novel topological
floorplan representation, called 3bsubTCG (3-Dimensional
sub-Transitive Closure Graph). To our best knowledge, this is the first
work that uses a topological representation to handle the 3-dimensional
placement problem of a dynamically reconfigurable device.

Transitive closure graphs were previously proposed to handle
classical 2D floorplanning/placement problems [12]. The main challenge
to solve the 3D floorplanning problems is that there exists additional
temporal precedence constraints, for which some tasks must be executed
before other tasks start. We use the 3D-subTCG which consists of three
transitive closure graphs to model the temporal as well as the spatial
relations between tasks/modules. We derive the feasibility conditions for
the temporal precedence and the spatial constraints induced by the
execution of the DRFPGAs. Because the geometric relationship 1is
transparent to the 3D-subTCG and its induced operations, we can easily
detect any violation of temporal precedence and spatial constraints in
the 3D-subTCG. Therefore, we can guarantee a feasible solution without
resorting to time-consuming post-processing to remove infeasible ones.
We also derive important properties of the 3D-subTCG to reduce the
solution space and shorten the running time for 3D (temporal)
foorplanning/placement.

2. Integration of Functional Units
2.1. Problem Formulation
2.1.1. Large-scale Cell Placement

Let B={bi, b, ..., ba} be a set of mrectangular modules whose width,
height, and area are denoted by Wi, Hi, and Ai, 1£i£m. Let (xi, yi) denote
coordinate of the bottom-left corner of module bi, 1£ie£¢m, on a chip. A
placement P with the alignment and the performance constraints is an
assignment of (xi, vi) for eachbi, 1£i£m, such that no two modules overlap
and the given constraints are satisfied. The goal of
floorplanning/placement is to optimize a predefined cost metric, such as
the area (the minimum bounding rectangle of P)), induced by the assignment
of bi's on the chip.
2.1.2. Large-scale Net Routing

Routing is the process of interconnecting nets of the same signal.
Typically, the objectives are area and timing optimization subject to a



set of constraints such as the placement constraint, the number of
available routing layers, design rules, crosstalk, etc. Given a netlist
N ={N, N, ..., N} and a chip structure with dimension and layer
information, find a route for each net Ni such that the total wirelength
1s minimized and a set of constraints such as the capacity constraint of
each region, timing, etc., are satisfied.
2. 2. Techniques and Approaches
2.2.1. Large-scale Cell Placement

We handle the placement with the aligment and performance
constraints using the B*-tree representation. We first explore the
feasibility conditions with the alignment and performance constraints,
and then propose algorithms that can guarantee a feasible placement with
alignment and performance constraints during each operation. In
particular, our method is the first algorithm to achieve the theoretically
optimal O(n)-time complexity for evaluating a placement with the
alignment and performance constraints, where n is the number of blocks.
(Note that O(n) is the lower-bound complexity for packing n blocks.)
Experimental results based on the MCNC benchmark with the constraints show
that our method significantly outperforms the previous work; for example,
our method achieved an average smaller area than that reported by [13].
2.2.2. Large-scale Net Routing

Our multilevel routing algorithm is inspired by the work [14].
Nevertheless, our framework is significantly different from [ 14]. During
the coarsening stage of the work [14], instead of routing or plan ning wires,
they only estimate routing resources by using a line -sweep algorithm and
then recursively coarsen to the last level k. Since their coarsening stage
does not perform real routing, i1t is hard to retrieve the routing
information at the higher level, which may make real routing resource
estimation inaccurate. At the last level k, they apply a multicommodity
flow algorithm to obtain an initial routing and avoid the net ordering
problem. However, a router may encounter higher congestion when
uncoarsening expands local nets. Abad initial routing at the higher level
needs more time to re-route at the lower level because of lacking local
routing information. This problem is also with the hierarchical approach.

Our router tends to route shorter nets first since we route local nets
at each level of coarsening. It isobvious that the local netsat the lower
level (say, level 0) are usually shorter than those at a higher level (say,
level k). Naturally, a shorter net enjoys less freedom while searching



for a path to route it. This fact holds even during rip-up and re-route.
Thus, thisobservation implicitly suggests that a shorter net has a higher
priority than a longer net as far as routability is concerned. Kastner,
Bozorgzadeh, and Sarrafzadeh in [15] also suggest this conclusion.
Thought this net ordering scheme may not be the optimal solution for some
routing problems (for example, when timing is considered, routing the most
critical net first often leads to better timing performance), it is still
a reasonable alternative.
2.3. Optimization of Electrical Effect
2.3.1. Problem Formulation

We focus on the analysis of the P/G distribution network at
post-floorplanning. Given power pads and cell library information, we
determine the P/G distribution network such that its voltage drop is
minimized.

m  Voltage Drop Constraints

To ensure the correct and reliable logic operation, we should restrict
the voltage drop from the P/G pads to the absorb pins in a network. The
voltage associated with an absorb pin is denoted by Vi. Therefore, for
every absorb pin 1, the corresponding voltage Vi has to satisfy the
following constraints:

VEV,, for power networks,

ys v, for ground networks,
where Vmin (Vmax) is the minimum (maximum) voltage required at tle
injection point of a power (ground) network. They are given constants
based on the technology.
m  Minimum Width Constraints

For different process rules, we should restrict the metal wire width
in the P/G network. Given a set of nodes of a P/G network N = {1, ...,n},
each branch connects two nodes: 1: and 12 with current flowing from il to
12. Let 1: and wi be the length and width of branch 1, respectively. Let
obe the sheet resistivity. Then the resistance ri of branch 1 is

The widths of P/G segments are technologically limited to the minimum
width allowed in the layer where the segment lies. Thus, we have




where winin 1S a given constant.
2.3.2. Techniques and Approaches

We address the analysis of the power distribution networks at the
block-level floorplanning stage. Most previous works for the analysis of
power distribution networks target for transistor or cell -level designs,
and perform at the routing stage. In this thesis, we address the design
of power distribution networks at the block -level floorplanning stage to
facilitate design convergence. Based on an equivalent current source
model for macro blocks, we first present a planning algorithm for power
distribution network to shorten the current paths from power supply pad
to local power supply wiring, and then integrate the power supply planning
algorithm into a floorplanner. Experimental results show that our
approach can eliminate all errors due to voltage drop.
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