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Co-HLEX is a cooperative hicrarchical layoul problem solver developed as an application program of parallel
inference machines: Multi-PST and PIM. The kemel of eo-IILEX is a hicrarchical recursive concurrent theorem
prover nicknamed HRCTL. Due to its recursive nature, HRCTL has a size of only O(1.000) lines in KL1; the
kernel language of ICOT. Due to its stream-parallel and distributed-memory archilecture, nearly linear time
complexity could he attained. Moreover, shape and wire sbutment among moduoles running in parallel could be
made through message passing cooperations. In this paper, a brief overview of co-HLEX is given with its

application wo bipolar-analog LST layout.

1. INTRODUCTION

The main role of co-HLEX development in Fifth Generation Computer System project was to find some answers
ta the following questions;

{Q1) Are there any real-world problems which require symbolic, parallel problem solving?

{032} If they exist, can we find any new parallcl algorithms to solve them?

{33} Can we find elegant descriptions of these algorithms?

{Q4) Can we execule these descriptions effectively on Multi-PST or PIM?,

{(25) What are the new break-throughs brought about?

(&) What are the new problems to be pursued further?

We picked up a LST layout problem due to the following reasons;

(R1} Tt is and will be one of the gigantic rcal-world problems requiring massive computalion power. At present,
the layout of 1 cm? DRAM chip can include so much rectangles that can pave roads of 10 m width all over the
Europe. New ideas including paralle! compuiation are greatly required to cope with this complexity.

(R2) The development and enhancement of a layout sysiem, with more than 1 million-lined program codes,
consume huge amount of programmers’ unrewarded labour. One of our ideas is the use of recursion principle w
reduce it] 1,2, The other is the use of streamed parallel dataflow computation model o represent mutually related
objects in well modulalized message driven processes. We nicknamed our algorithm as HRCTL as an
abbreviation of "Hierarchical Recursive Concurrent Theorem prover for Layout”. The kemnel language KLI,
which runs on Multi-PSI and PIM, can be a powerful tool to implement it.

{R3) The classical divide and conquer - the higrarchical problem solving - works well as long as subproblems
corrclates weakly, In case of LSI layout, this premise cannot be sufficed. Neighbouring modules should have
abutted shapes and wires to avoid dead spaces, Our idea is the use of communications among modules to solve
this AND:typed constraint. In the following, Section 2, 3, 4, and 5 gives basic concepls, system overview, a
brief complexity consideration, and experiment resulls, respectively. Based on these results, we hope to assert
that paralle] symbolic computation can contribute much to LST design aniomation.



2. BASIC CONCEPTS
2.1, Layout Problem and Solution Representation
The original layout problem which co-HLEX solves can be specificd by a Prolog goal:
- mode solve_a_layoulproblem{+,- 4.+,
7. solve_a_layoutproblem(CirNet,LPlan Proc,Constr).
where the arguments have the follwing meanings as shown in Figure 2.1,
CirMeb= A circuil network represented by modules and module connection nets,
LPlan:= [PQtree, Wires].
PQtree:= A quadires representing placement by a slice hierarchy[4,5,6), each node of which carries a module
name placed in the slice and peripheral connector names placed on north-, west-, south-, and east-edge
of the slice.
Wircs:= [[Conns,Lines] | Wires].
Conns:= Sct of lerminal points, vias, and induced connectors of a net
Vias ane through-holes connecting different silicon layers on the chip, An induced connector is
introduced at each point where a wire crossses a slice edge.
Lines:= Set of a ling spanning two connectors for a net. Conneclor names on both sides, run layer, and line
width are alsa inclnded.
Proc:= 151 fabrication process which affects geometrical shapes of madules, number of wiring
layers, line width, minimum space among objects, and others.
Constr:= List of proximity conditions for modules, usually called "Pairs™. Topmost planned layout - a planned
chip size (Width and Height) and planned peripheral connector placements - is included.
2.2, Recorsive Layout Problem Solving
The slicing structure representation permits us the ollowing elegant and simple recursive problem solving.
{S1) If the module is an indivisible leaf cell, import it's layout from a library. If the module is a divisible block,
divide the original problem with a circuit data and a planned layout into at most 4 subproblems, each having a
homologous structure with the original problem.
{52) Solve all the subproblems in parallel using the recursion principle. IF much processing elemets or PEs are
available, fork them on different PEs.
{53) Agpregate finished layouts of subproblems following the division policy given by (S1) w generate the
layout of the original problem.
2.3. Problems and Sclutions
{511) Pre-compilation of circuit net into a guadiree
In (51) above, the criginal planned area should be divided into at most four slices, the circuit should also be
divided into relevant number of sub-circuits, and their embedding plan into slices should be made. To avoid the
untractable computational complexity caused by these two divisions and one embedding, we translate the CirNet
into a guadiree-shaped process network named CMPN (Circuit Module Process Network) before layout
generation. Each node in the CMPN is a process having message-passing streams among it's upper and lower
nodes, A leaf node of CMPN comresponds to a module in CirNet but a non-leaf node is a block module newly
defined in this ranslation. Modules specified as pairs by Constr are compiled into an identical node near the leal
of CMPN to assure mutual proximity, Then CMPN is used to generate the layout, i.e., module placements and
inter-module wires. If module placement topology, i.e., in what quadrant each sub-circuit should be placed, can



be given in the stage of CMPN gencration, the later placement task becomes a simple recursive module shape
determination.

{512y Vertica! coordination of madule shapes

As subproblems are solved in parallel in (52) above, they might realize non-abutted final shapes each other. In
that case, we have a large-areared chip with many dead spaces among modules. To avoid this, the planned shape
of the slice in which a sub-circuit is embed is descended to the sub-circuil as its planned-shape. See Figure
2.2(1).

{513} Horizontal esoperation in wiring

Wire abotment among modules running in parallel had been an unsolved problem in LSI layout design
automation. We golve this problem by way of runtime cooperations among nodes in CMPN. We introduce
induced connector processes defined in 2.1, 1t holds the current existence range - CERW - of itsclf on the slice
cdge. After a node process in CMPN completes the sub-circuits’ embed into it's slices in (1), the node process
tries to narrow CERWSs of it's peripheral connectors on it's north-, west-, south-, and easi-edges. If a CERW is
wide enough Lo overlap with two slice borders, then the CERW is narrowed so as Lo overlap with only one
border. Among the two narrowing candidates, the one which has the minimum wire length with inner sub-
circuits is selected. When the narrowing actions are made by face-to-face modules in concurrent mode, the moduls
which has no inner connetor to connect with the peripheral connector wails the narrowing action of the other to
avoid vscless wire bendings. See Figure 2.2(2).

(514) Global wirng direction control for useless cooperation reduction

Although the message-passing cooperation for CERW narrowing is a key in parallel wiring, it is expensive due
1o it's epeated peripheral connector range inspections. This is particulary true for cell wiring where tremendously
large number of cells attend in the cooperation, To reduce useless eooperations, wiring direction is coordinaied in
cell wiring. Furst, wires are made into north-west direction in all the celis starting from inner conneclors,
reducing the CERWs on north or east edge into a point (NW-wiring), Second, SE-wiring. Finallly, non-
directional feed-through wiring(MD-wiring) is made by cooperations. Seo Figure 2.2 (3).

3. Overview of co-HLEX

An overview of co-HLEX is given in Figure 3.1. The main components of co-HLEX include: a sel of original
data, /O functions, a backup memory, a problem solving kemel based on CMPN, and a lemplate ]ibmrly.

1.1. The Problem Solving Kernel

The problem solving kernel is a quadiree-shaped process network CMPN that generates a chip layout. Before the
layout generation, each node of CMPN has only circuil data including a module name, the module property, a
list of net names connecting this module w others, and a list of sub-circoit names. Afer the layout, the layout
data including a layoutframe name usad to slice it, an enveloping reclangle size, a list of slicing points in the
rectangle, sub-module names in each slice, a list of adopted wiring pattern names for each net, and a list of
peripheral- and induced-connector names are added o cach node,

A.1.1. Problem solving sleps

The averall layout problem solving is performed by the follwoing steps.

{S11) Placement: A placement message containing a planned layout - a list of planned shape and planned
peripheral connector placements - is sent 1o the top node of CMPN from the top level coordination process.
Then a set of placement actions based on HRCTL is performed by CMPN processes,



(512} Wiring preparation: Upon receiving the placement completion message [rom the top node of CMPN, the
coordinator sends a wiring preparation message to it. Then a sct of wiring preparation actions are made by
CMPN.

{513) Wiring non-terminal power nets: Power supply nets - Vec and Vee - have different width from other signal
nets. As they offend the latter, they are wircd at first. The coordinator sends a message to the top node of CMPN
10 do pawer wiring. Power wires are paved using a simple recursive algorithm until it reaches each cell node in
the CMPN.

{514} Wiring non-terminal signal nets: The coordinator sends a message to the top node of CMPN o generale
signal nets. Then a set of wiring actions based on HRCTL is performed by CMPN processes, Recursion
lerminates at each cell node, so the CERWs held by connector processes contract Lo the magnitude of cell size
but not to a point.

{515} Wiring nets in cells (NW-wiring): The coordinator sends a messages io the top node of CMPN 1o penerate
cell wires towards north-east-directions. This message is passed down 1o cells. Cells which have inner connectors
such as hase-, emitter-, collector-contact, eic., that should be wired to peripheral connectors on north or west
edges, wires all these nets. Afler this, each CERW on these edges is contracted into a point where a wiring path
reached, Layout rules such as wiring obstacle avoidance, minimun distance assurance, eic., sheneld he gufficed
here. We use the maze-router of Lee[T] with some modifications.

(§t6) Wiring terminal nets in cells (SE-wiring): Similar to that of (St5).

{57} Wiring terminal nets in cells (ND-wiring): The coordinator sends a message to the top node of CMPN to
generate cell wires by non-directional-wiring. This is for feedthrough wires which only pass through the cell
without any inner connectors. All the cell nodes make feed throngh wires in parallel cooperation.

3.1.2. Placement by HRCTL

{(5t1) Termination of placement: When a terminal node in CMPN receives a placement message [rom above, il
only returns back a completion message. In case of a cell node, it imports layout data from relevant layoutframe
in the emplate library,

{512) Subproblem generation: When a node - call it CN - in CMPN is a non-terminal module, it generatcs
subproblems as follows. It sends it's planned-layout and a list of sub-circuits with estimated aress to a sub-
problem gencration planframe in the library. The planframe sends requests to all layoutframes to make and
evaluate possible slicing of the planned-layout and embedding plans of sub-circuils into slices. Here the
layoutframe denotes a slicing template in the template library. The evaluation is made in view of the estimatad
wire length among sub-circuits and edge connectors, the estimated layout area, and estimated distortions of
realized layout from the planned layout. The planframe reports the best slicing plan and the relevant layoutframe
name to CN. Then inter-slice wiring is made by CN. In the first step of this wiring, CERWs of peripheral
conneclors are narrowed. Then inter-slice wires are planned. The wiring made here arc only abstract ones as
shown in Figure 2.1, Wiring patterns attatched to the chosen layouiframe is used o generate wires. As the final
wireability largely depends on the wire congestion on slice edges, so the wiring resourse consumption on these
edges should be balanced. To do this, the idea of wiring resource vector is introduced. Tt is a list of maximum
possible wires through slice edpes. In selecting a wiring patlern for each net, the resource veclor consamption is
analyzed for all the possible patiemns and the best pattern is chosen. We can get new induced connectors each
having a CERW identical w the edge length on which the connector resides, Processes for induced connectors are
newly spawned, each with a message stream to CN. Finally, the derived slice shapes and connectors on their
border edges are gathered to define planned-tayouts of all sub-circuits. The CN informs them to lower nodes as
their planned-layouts, Streams 1o connectors are also descended 1o assure subsequent narrowing actions in lower



nodes. Notice that by this combination of placement and wiring, planned-layouts of sub-circuits which are
homologous to that of CN could be gencrated.

(S13) Recursion: All the lower nodes of CN run in parallel to solve their problems, When many PEs are
available, they are spawned on dilferent PEs.

(St4) Placement aggregation: When CN receives completion messages from all subnodes, it aggregates all their
realized slices to form it's shape. The aggregation is done by using several layoutirames including the one
selected in {S12) to generate most compacied layoul.

3.1.3. Wiring preparation

Dead spaces generated in placement is compiled into CMPN as dummy modules. By this, deadspaces become 10
be usable in the subsequent wiring. Module places are precisely deternimed in the world coordinate with it's
origin at noth-west corner of the chip. Due to the CMPN deformation, connector processes generated in
placement become useless, so they are deleted. A CWPN - Cell Wiring Process Network - is generated under
each cell with a communication stream to the cell. Also, wiring obstacles are read in from relevant layouframe of
each cell and memolized in the CWPN,

3.1.4. Non-terminal power net wiring by HRCTL

(5t1) Termination of wiring: When CN having no power nels receives a wiring message, it only returns back a
completion message to it's upper node. When CN has power nels, power-wire connectors for the cell are
generated hy using relevant layoutframe.

{S12) Subproblem generation: When CN is a non-terminal block, it extends power wires along slice edges 10
those shices that have inner power NG CONNECIONS,

(513) Recursion: All lower nodes of CN run in parallel to make power wires.

(S14) Wiring aggregation: When CN receives power wiring completion messages from all subnodes, it
determines the final width of it’s power lines and asends a completion message.

3.1.5. Non-terminal signal net wiring by HRCTL

(5t1) Termination of wiring: When CN is a terminal node or 2 cell node, it only reporis a completion message.
(512) Subproblem generation: When CN is a non-terminal block, it generates wiring subproblems by using the
same method as explained in 3.1.2(812). As the module placement is given alrcady, only wiring action is
repeated. New CORNECIOr PrOCesses an: introduced as before and descended below.

($13) Recursion: All the subnodes run in parallel to solve their problems. When many PEs are avaitable, they
are spawned on different PEs.

(§14) Wiring aggregation: When CN receives completion messages from all subnodes, it ascends a completion
message,

3.1.6. Wiring terminal nets

(S11) Wiring a net: The cell picks up a net that becomes to have at least one fixed peripheral connector and sends

a list of conneciors of the net 1o CWPN. Modified maze-routing algorithm is used to find wires among them.
Upon completion, wires and conneclors for the net are added in CWPN as new obstacles. Results are reported o
the cell,

(S12) Wiring other nets: After memolizing the reported wire, the cell repeats step (St1) untill all nets are wired.
3.2. Template Library

3.2.1. Planframes

Planframes are following predicates used by CMPN nodes in their tasks explained in 3.1.

(1} Choose an appropriate layoutframe for subproblem generation.

() Evaluate proposed plan (for placement and wiring),



{3) Generate subproblems (same).
{#4) Aggregate subproblem solutions {same).
{51 Other functions.

3.2.2. Layoutframes

Layoutframes are templates, or types in other words, for layout

(1) Block tevel layoutframes: Slicing patierns of arity 1, 2, 3, and 4 with several sub-patterns with different
slicing structures. Wiring patterns arc included in cach of them,

(2} Cell level layoutframe: Configuration definitions for transistors, resisters, capacitors, and vias.

3.2.3. Layocul rules

(1) Fabrication process dependent wiring layers and their usage by signal and power nets.

(2) Fabrication process dependent permissible minimum gap among objects on each layer,

(3) Fabrication process dependent.

3.3, IO Functions

3131, CMPN generator

{5t1) Input data: The original circuit net CirNet and the planned layout of the chip.

(512) Process network generation: Circuit modules and nets are ransformed into processes and their connections
are replaced by streams. We get a CMPN - Circuit Module Process Metwork,

(513) Module shape alignment: Align-shape message is broadeasted to CMPN from the top coordinator, Resister
and capacitor processes in CMPN divide themselves to give nearly abutted heights with standard ransisiors. As a
result, CMPN is enlarged,

{5t4) Hierarchy generation; The flat CMPN given by (513) is recursively partitioned 1o give a hierarchical
CMPN, Details are skipped in this paper,

3.2, Assipnment of processes on PEs
List of available processors LAPE is given 1o the top node of CMPN. The top nade divides LAPE inta the

nember of subnodes in accordance with their computation loads. We use the total number of modufes in a circuit
as it's computation load approximation. One of the PE iz picked up from each subset and a subnode is spawned
on the PE. This process is recursed until LAPE becomes indivisible, After that, all the nodes in CMPN is
spawned on the sams PE,

4. COMPUTATIONAL COMPLEXITY OF HRCTL

Definitions.
Let PrBPT(R M) denotes a balanced CMPN with R subnodes and height N, Let leaf{PrBPT(R N)) denoies the

number of leaf nodes of PIBPT{R N}, Let no{PEs) denotes the number of parallel processing elements on which
the problem PrBPT(R N is solved by the HRCTL algorithm,

Suppositions.
All the nodes of PrBPT(R,N) consume the same computation power. Instantaneous communication among

processes is possible without any computation load. The total elapsed time of processing on one PE is
proportional to its iotal compuotation load.

Theorem.

For PrBPT, HRCTL has the time complexity of either

O(log(lealiPrBFT{R,N)})) or Oflog{no(PE)}+leal(PrBFT(R,N))/no(PE)).

The latier is the usual case where large problem is solved on limited PEs,

Proof.



Casel. no(PE) == leaf(PrBPT(R N)} : The president PE is the bottleneck processor which receives the topmaost
node of PrOPT{R N}, Tt processes maximum number of nodes among PEs.

The maximum number is log{eal(PrBPTR N)J).

Case2. no(PE) =< leaf(PrBPT(R,N)) : The president PE is also the bottleneck processor, Unul the depth of
log(no(PE)) is reached on PrEPT(R, N}, casel applies. After it, each PE is obliged 1o solve all the unsolved
nodes in pseudo parallel mode. Here, the number of unsolved nodes is leal(PrEPT(R N)Vno{PE}. As the president
PE faces the two situations sequentially, they should be added to give the log(no(FE)) +

leaf(PrBPT(R N1/no(PE) complexity. QED.

5. EXPERIMENTS

5.1. Experiment Design

(1) Main objectives

The main objectives of the experiment are the verifications of;

QE1. Parallel placement and wiring capability,

(OE2. Wire length and chip area reduction by vertical coordination and holizontal cooperation,

0OE3, Enhanced computation speed,

OE4. The program size reduction and maintenability.

{2) Used circuit and fabrication process

A real hipolar analog circuit with 1019 modules and 683 nets are used in the experiment. 149 pairs were given as
Constr. After module shape alignment, CMPN becomes to have 1621 modules and 1223 nets. The height of
generated CMPN was 14. Duplication and delction of this original sub-circuit is done to give 206-, 573-, and
1593-moduled circuits for computation speed measurement. We assumed a bipolar analog fabrication process
with 3 wiring layers of AL1, AL2, and AL3. The first two arc mainly for signal nets and the last for power nels.
5.2, Experiment Results

Figure 5.1: The resulied chip layout.

Figure 5.2: Computalion speed.

Table 5.1 ; Scale of co-HLEX.

5.3. Considerations

{1} 'The possibility of parallel layout problem solving.

This has been completcly proved through our experiment. As far as we know, en-HLEX is the first system that
can abut module layouts - shapes and wires - by runtime cooperations.

(2) Quality of Generated Layout: Wire length and chip area.

Through observations of Figure 5.1 we notice that both compact module placement and wires without useless
bends could be generated, By the runtime wire abutment coaperaions, channe] areas wherein inter-module wires
are patched after parallel layout of them could be diminished. This greatly reduces the total chip area in
comparison with traditional methods,

{3y Computation time vs problem size.

Figure 5.2 shows the performance of both co-HLEX on Multi-PS1.64PE and a practical layout system on a main
frame. Co-HLEX has a time complexity of nearly O(N1.%). Here N is the number of modules in the circuit. For
the 1019 moduled circuit, it took only 60 sec. This cxtraordinary outperforms the traditional system.

{4) Program size and maintenability.



The 6,000 lined co-HLEX remarkably outperforms the 0{10%)-0(10%) sized traditional implementations. See
Table.5.1. This is due to the recursive HRCTL algorithm. Highly modularized program description was possible
on streamed-parallel dataflow computation model offered by KLI.

i. CONCLUSIONS

6.1. Results
(1) A cooperative hierarchical layout problem solver named co-HLEX was developed in FOCS project as an

application program of Fifth Generation Parallel Inference Machines.

(1) The kemel algorithm of co-HLEX is HRCTL which is a hierarchical recursive concurrent thegrem prover for
layout. Due to the concurrent cooperations, module shape and wire connector abutment hecome possible
avoiding traditional wiring channcls.

{3) Due to the recursive nature of HRCTL, co-HLEX is nearly 6,000 lincs in KL1 which remarkably
outperforms traditional LST layount program implementations.

(4) The streamed-parallel and distributed-memory architccture attained nearly O(N-%) performance on 64PEs,
which greatly ourperforms raditonal methods.

6.2, Mew Prohlems

Programmers are in the well-known plan-do-see cycle. The non-repeatablity of parallel computation often
destroves the Joop and deteriorates debugging efficiency. Programming environment for parallelism would be one
of the most important issues (o be studied further.
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1019 Modules, 683 Nels, 59.5 sec / Multl-PS1.64PE

Figure 5.1 Bipolar Analog Circuit Layout by co-HLEX
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