A Hardware/Software Partitioner using a dynamically determined

Granularity

J�org Henkel Rolf Ernst

C&C Research Laboratories Institut f�ur DV�Anlagen

NEC USA, Princeton, NJ 08540 Technische Universit�at Braunschweig

henkel@ccrl.nj.nec.com D�38106 Braunschweig, Germany

ABSTRACT

Computer aided hardware/software partitioning is one of the key challenges in hardware/software co-design. While previous approaches have used a �xed granularity, i.e. the size of the partitioning objects was �xed, we present a partitioning approach that dynamically determines the partitioning granularity to adapt optimization steps to application properties and to intermediate optimization results. Experiments with simulated annealing optimization show a faster convergence and far better adaptability to cost function variations than in previousexperiments with �xed granularity.

1 Introduction

Computer aided hardware/software partitioning is one of the most challengingtasksinco-design. With100milliontransistorsystemson-a-chip [1], it will become a key factor for design space exploration and, eventually, be used in automated co-synthesis �ow to speed up the design process.

Eventoday, interactive co-synthesishas successfullybeenused in �rst industrial projects, where 50% saving (including development and product cost) could be reported [2].

However,computeraidedpartitioningmustalwaysbecompared to manual design decisions. While many partitioning approaches just consider partitioning and allocation at the level of complete functions or even processes, at least data dominated applications such as high speed signal processing need a �ner granularity, e.g., to make use of loop parallelization and pipelining as the designer would do. Manual rewriting of functions to get smaller functions just for the purpose of partitioning is a tedious and error�prone task. Partitioning with a �ner granularity, however, suffers from a huge design space which might not be necessary for many system functionsandisthereforeboundtomakeoptimizationlessef�cient.

In amanualdesignthedesignertypicallyadaptshis orher focus to the critical parts of a system. Applied to computer aided parti-

DesignAutomationConference Rfl Copyrightcfl 1997bythe AssociationforComputingMachinery,Inc. Permissionto make digital or hard copies of part or all of this workfor personalor classroom use is granted without fee providedthat copies are not made or distributed for pro�t or commercialadvantageandthatcopiesbearthis noticeandthefullcitationonthe�rst page. Copyrightsfor componentsof this work owned by others than ACM must be honored. Abstractingwithcreditispermitted. Tocopyotherwise,torepublish,topost on servers, or to redistribute to lists, requires prior speci�c permission and/or a fee. Request permissions from Publications Dept, ACM Inc., fax +1 (212)869-0481,or permissions@acm.org.

0-89791-847-9/97/0006/$3.50 DAC 97-06/97Anaheim,CA, USA tioning, this means to depart from the �xed granularity of current approachesand introduce a dynamically adapted granularity.

In this paper we present a new method for automated hardware/software partitioning since the granularity � i.e. the size of system parts that can either be implemented as hardware or as software � is determined during the partitioning process i.e. it is dynamically determined. This offers the opportunity to obtain a better adaptation of the partitioning process and a speci�c application and hence to obtain better partitioning results in terms of implementation cost and computation times used for partitioning.

Theoutline of this paperis asfollows: In section2 anoverview of approachesto hardware/software co�synthesisand especially to hardware/software partitioning is given. Then section 3 gives an overviewofourapproachwhereassection4describestheaccording algorithms in detail. Section5 describestheresults that con�rmthe usefulnessof the approach. Finally a conclusion is given.

2 Related work

The �rst approaches to automated hardware/software partitioning havebeenpresentedintheVULCANIIsystem[3]andinCOSYMA [4]. Both approaches use a �ne�grain partitioning(basic block). Coarse�grainpartitioningonthe othersidemeansthat wholefunctions or processes are moved from software to hardware or vice versa in order to �nd the best hardware/software tradeoff. The approaches described in [5, 6, 7, 8, 10, 11, 12] use also �ne� grain partitioning whereas [13, 14, 16, 17, 18] use coarse�grain partitioning. Some other approaches do not perform automatic partitioning but concentrate on interface synthesis [19, 20] or on co-simulation [21].

All theseapproacheshaveincommonthattheir granularity is�xed. Our approach has previously also been limited to relatively �ne grain. (basic block). The new partitioning approach is not any longer limited in this way since it determines the granularity during the partitioning process(i.e. dynamically)throughmoving very small and very large system parts � according to the peculiarities of a speci�c application and the given constraints.

3 Problem definition and fundamental approach

Since different applications havedifferent peculiarities like • √∇≀}∇⊣⇕⇕⟩\} ∫⊔†↕⌉⇔ • ∫⟩‡⌉ ⇐↕⟩\⌉∫ ≀{ ⌋≀⌈⌉⇒ ⊣\⌈ • ⊔†√⌉ ≀{ ⊣√√↕⟩⌋⊣⊔⟩≀\ ⇐⌋≀\⊔∇≀↕ ≀∇ ⌈⊣⊔⊣∘⌈≀⇕⟩\⊣⊔⌉⌈ ⌉⊔⌋↙⇒

⊣ ⊘§⌉⌈ }∇⊣\⊓↕⊣∇⟩⊔† ⌈⊓∇⟩\} √⊣∇⊔⟩⊔⟩≀\⟩\} ⌋⊣\ ⌋⊣⊓∫⌉ ⊣\ ⌉§√⌉\∫⟩⊑⌉ ⟨⊣∇⌈↖ ⊒⊣∇⌉∝∫≀{⊔⊒⊣∇⌉ ∫†∫⊔⌉⇕ ⇐√∇≀⌈⊓⌋⊔⟩≀\ ⊣\⌈ ⌈⌉⊑⌉↕≀√⇕⌉\⊔ ⌋≀∫⊔⇒↙ E§⊣⇕√↕⌉ ∞¬ G⟩⊑⌉\ ⊔⟨⌉ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\ ≀{ ⊣ ∇⌉⊣↕∘⊔⟩⇕⌉ ∫†∫⊔⌉⇕ ⌋≀\∫⟩∫⊔⟩\} ≀{ ⊔⟨⌉ ⊔⊒≀ ⊔⊣∫‖∫ T∞ ⊣\⌈ T∈↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⊣∫∫⊓⇕⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⊔⊣∇}⌉⊔ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⌋≀\∫⟩∫⊔∫ ≀{ ≀\⌉ ∫⊔⊣\⌈⊣∇⌈ √∇≀⌋⌉∫∫≀∇ ⌋≀∇⌉ ⇐SW⇒ ⊣\⌈ ⊣\ ⊣√√↕⟩⌋⊣⊔⟩≀\ ∫√⌉⌋⟩⊘⌋ ⟨⊣∇⌈⊒⊣∇⌉ ⇐HW⇒↙ T⟨⌉∇⌉ ⊣∇⌉ ≀\↕† {≀⊓∇ √≀∫∫⟩⌊⟩↕⟩⊔⟩⌉∫ {≀∇ √⊣∇⊔⟩↖ ⊔⟩≀\⟩\} ⇐⊔⟨⌉ ⊣∇∇≀⊒ ↑→↑ ⟨⊣∫ ⊔⟨⌉ ⇕⌉⊣\⟩\} ↑⟩∫ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ≀\↑⇒¬ ∞⇒ T∞⇔ T∈ → SW ∈⇒ T∞ → SW∅ T∈ → HW ∋⇒ T∞ → HW∅T∈ → SW △⇒ T∞⇔ T∈ → HW C⊣∫⌉ ∞⇒ ⊣\⌈ △⇒ ⊣∇⌉ ⊔⟨⌉ ⊔∇⟩⊑⟩⊣↕ ⌋⊣∫⌉∫↙ H⊣∇⌈⊒⊣∇⌉∝∫≀{⊔⊒⊣∇⌉ ∫†∫⊔⌉⇕∫ ⊓∫⊓↖ ⊣↕↕† ⊣∇⌉ ∇⌉√∇⌉∫⌉\⊔⌉⌈ ⌊† ⌋⊣∫⌉∫ ∈⇒ ⊣\⌈ ∋⇒↙ M⊣†⌊⌉⇔ ⊔⟨⌉ }⟩⊑⌉\ ∇⌉⊣↕∘⊔⟩⇕⌉ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌋≀⊓↕⌈ ⌊⌉ ⇕⌉⊔ ⌊† ≀\↕† ⟩⇕√↕⌉⇕⌉\⊔⟩\} ≀\⌉ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⟩\↖ ⊔⌉\∫⟩⊑⌉ ↕≀≀√ � ⟨⟩⌈⌈⌉\ ⟩\ T 1 or T 2 � as hardware▷ Nervertheless a whole task has to be implemented in hardware▷ This can lead to a hardware◁software system that is many times more expensive than necessary▷ Example 2. The target architecture assumed in this case is the same as in ex ample 1▷ But now the granularity is αneδgrain ↼e▷g▷ basic block↽ and the speciαcation of the hardware◁software system is quite large ↼e▷g▷ > 1000 basic blocks↽▷ For the case that each basic block can possibly be implemented as hardware or as software there are 21000 different implementations▷ Independent from the chosen optimiza tion algorithm it is hard to αnd the global optimum i▷e▷ the cheapest implementation that meets all given constraints▷ The αrst example gives a characteristic disadvantageof coarseδ grain partitioning whereas the second one is disadvantageous when using αneδgrain partitioning▷ The main idea of our approach is to combine the advantages of αneδgrain and coarseδgrain partitioning using a dynamically determined granularity since that. a↽ permits the implementation of very small as well as very large system parts to be implemented as sw or as hw▷ b↽ avoids large computation times▷ Our approach consists of three following principal steps. Step 1. The highδlevel behavioural description ↼a superset of ANSI C↽ of the realδtime application is transformed into a control βow graph ↼cfg↽ where each node represents a basic block or a single instruc tion▷ We call this our base granularity▷ Step 2. The smallest possible parts are integrated into partitioning objects▷ Thereby the smallest partitioning object can consist of only one basic block or instruction whereas the largest one contains the whole realδtime application▷ Partitioning objects can share same parts of the application i▷e▷ they are not mutual exclusive▷ • S⇕⊣↕↕ ∫†∫⊔⌉⇕ √⊣∇⊔∫ ⊣∫ ⊒⌉↕↕ ⊣∫ ↕⊣∇}⌉ ∫†∫⊔⌉⇕ √⊣∇⊔∫ ⌋⊣\ ⌊⌉ ⟩⇕√↕⌉↖ ⇕⌉\⊔⌉⌈ ⊣∫ ⟨⊒ ≀∇ ⊣∫ ∫⊒ ⊒⟩⊔⟨≀⊓⊔ ⌈⟩∫⊔⟩\⌋⊔↕† ⟩\⌋∇⌉⊣∫⟩\} ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⊔⟩⇕⌉↙ • C≀\∫⊔∇⊣⟩\⊔∫ ≀{ ⌈⟩{{⌉∇⌉\⊔ ⌋∇⟩⊔⟩⌋⊣↕\⌉∫∫ ⌋⊣\ ⌉⊣∫⟩↕† ⌊⌉ {≀⊓\⌈ ⌈⊓⌉ ⊔≀ ⇕≀∇⌉ √≀∫∫⟩⌊⟩↕⟩⊔⟩⌉∫↙ • T⟨⌉ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⊔⟩⇕⌉ ⊔≀ }⌉\⌉∇⊣⊔⌉ ⊔⟨⌉ √⊣∇⊔⟩⊔⟩≀\⟩\} ≀⌊|⌉⌋⊔∫ ⟩∫ ⊑⌉∇† ∫⇕⊣↕↕ ∫⟩\⌋⌉ ⊔⟨⟩∫ ∫⊔⌉√ \⌉⌉⌈∫ \≀ ⌊⌉⟨⊣⊑⟩≀⊓∇⊣↕ ⟩\{≀∇⇕⊣⊔⟩≀\↙ N≀⊔⌉ ⊔⟨⊣⊔ ⊔⟨⟩∫ ∫⊔⌉√ ⟩∫ √⌉∇{≀∇⇕⌉⌈ ⌊† ⊓∫⟩\} ∫⊔∇⊓⌋⊔⊓∇⊣↕ ⟩\{≀∇⇕⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⊣√√↕⟩⌋⊣⊔⟩≀\ ≀\↕†↙ N⌉⊑⌉∇⊔⟨⌉↕⌉∫∫ ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⇐⌈⌉⊔⊣⟩↕⌉⌈ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ∫⌉⌋⊔⟩≀\ △↙∈⇒ ⌋∇⌉⊣⊔⌉∫ ⊔⟨⌉ ≀⌊|⌉⌋⊔∫ ⟩\ ∫⊓⌋⟨ ⊣ ⊒⊣† ⊔⟨⊣⊔ ⊔⟨⌉† ⇕⊣† ⌊⌉ √∇≀⇕⟩∫⟩\} ⌋⊣\⌈⟩⌈⊣⊔⌉∫⊔≀ ⌊⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊣∫ ⟨⊣∇⌈⊒⊣∇⌉ ≀∇ ⊣∫ ∫≀{⊔⊒⊣∇⌉↙ S⊔⌉√ ∋¬ I\ ⌋≀\⊔∇⊣⌈⟩⌋⊔⟩≀\ ⊔≀ ⊔⟨⌉ ↕⊣∫⊔ ∫⊔⌉√ ⊔⟨⟩∫ ∫⊔⌉√ ⊓∫⌉∫ ⌊⌉⟨⊣⊑⟩≀⊓∇⊣↕ ⟩\{≀∇⇕⊣↖ ⊔⟩≀\ ⟩\ ≀∇⌈⌉∇ }⌉\⌉∇⊣⊔⌉ ⊔⟨⌉ ∫≀∘⌋⊣↕↕⌉⌈ ⇕⊣⌋∇≀ ⟩\∫⊔∇⊓⌋⊔⟩≀\↙ A ⇕⊣⌋∇≀ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⟩∫ ⌋≀⇕√≀∫⌉⌈ ≀{ ⊣⊔ ↕⌉⊣∫⊔ ≀\⌉ √⊣∇⊔⟩⊔⟩≀\⟩\} ≀⌊|⌉⌋⊔↙ I⊔ ⟩∫

F⟩}⊓∇⌉ ∞¬ E§⊣⇕√↕⌉ ≀{ ⊣ }∇⊣√⟨ G ⊒⟩⊔⟨ ⌋≀∇∇⌉∫√≀\⌈⟩\} ∫≀⊓∇⌋⌉ ⌋≀⌈⌉ }⌉\⌉∇⊣⊔⌉⌈ ⊣\ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\ ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨⊣⊔ ⟩\⊔⌉}∇⊣⊔⌉∫ √⊣∇⊔⟩⊔⟩≀\⟩\} ≀⌊↖ |⌉⌋⊔∫ ⟩\⊔≀ ⇕⊣⌋∇≀ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫ ⌋≀\⊔∇≀↕↕⌉⌈ ⌊† ⊣\ ≀⌊|⌉⌋⊔⟩⊑⌉ {⊓\⌋⊔⟩≀\↙ A⌋⌋≀∇⌈⟩\} ⊔≀ ⊔⟨⌉ ⟨⊣∇⌈\⌉∫∫ ≀{ ⊔⟨⌉ ⇐⊔⟩⇕⌉⇒ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨⌉∇{≀∇⌉ ⊣⊓⊔≀⇕⊣⊔⟩⌋⊣↕↕† √⟩⌋‖∫ ⊓√ ∫⇕⊣↕↕ ≀∇ ↕⊣∇}⌉ √⊣∇⊔⟩⊔⟩≀\⟩\} ≀⌊|⌉⌋⊔∫↙ T⟨⌉ \⌉§⊔ ∫⌉⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉∫ ⟩\ ⌈⌉⊔⊣⟩↕ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉ ⊣⌊≀⊑⌉ ∫⊔⌉√∫↙ T⟨⌉∇⌉⌊† ∫⊓⌊∫⌉⌋⊔⟩≀\ △↙∞ ⌈⌉∫⌋∇⟩⌊⌉∫ ∫⊔⌉√ ∞⇔ ∫⊓⌊∫⌉⌋⊔⟩≀\ △↙∈ ∇⌉{⌉∇∫ ⊔≀ ∫⊔⌉√ ∈ ⊣\⌈ ∫⊓⌊∫⌉⌋⊔⟩≀\∫ △↙∋⇔ △↙△ ⊣\⌈ △↙▽ ⌊⌉↕≀\} ⊔≀ ∫⊔⌉√ ∋↙ △ P⊣∇⊔⟩⊔⟩≀\⟩\} ⇕⌉⊔⟨≀⌈ △↙∞ D⌉{⟩\⟩\} ⊣ ⌊⊣∫⌉ }∇⊣\⊓↕⊣∇⟩⊔† F⟩∇∫⊔ ⊔⟨⌉ ⌊⌉⟨⊣⊑⟩≀⊓∇⊣↕ ⌈⌉∫⌋∇⟩√⊔⟩≀\ }⟩⊑⌉\ ⟩\ ⊣ ⟨⟩}⟨∘↕⌉⊑⌉↕ ↕⊣\}⊓⊣}⌉ ⟩∫ ⊔∇⊣\∫{≀∇⇕⌉⌈ ⟩\⊔≀ ⊣ ⌋{} G = {V, E}↙ E⊣⌋⟨ \≀⌈⌉ vi ∈ V cor responds to a part of the application that itself belongs to the base granularity ↼a single instruction or a basic block↽▷ There are three different types of nodes▷ A node that • ⌋≀\⊔⊣⟩\∫ ∫⊔∇⊣⟩}⟨⊔ {≀∇⊒⊣∇⌈ ⌋≀⌈⌉↙ D⌉∫⟩}\⊣⊔⟩≀\¬ v^B_i with v^B_i ∈ V^B, V^B ⊆ V ▷ • ⌋≀\⊔⊣⟩\∫ ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ ⊣ ⌋≀\⊔∇≀↕ ⌋≀\∫⊔∇⊓⌋⊔ ⇐⌉↙}↙ ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ ⊣ ↕≀≀√ ≀∇ ⌊∇⊣\⌋⟨⇒↙ D⌉∫⟩}\⊣⊔⟩≀\¬ v^S_i with v^S_i ∈ V^S, V^S ⊆ V ▷ • ⌋≀\⊔⊣⟩\∫ ⊔⟨⌉ ⌉\⌈ ≀{ ⊣ ⌋≀\⊔∇≀↕ ⌋≀\∫⊔∇⊓⌋⊔↙ D⌉∫⟩}\⊣⊔⟩≀\¬ v^E_i with v^E_i ∈ V^E, V^E ⊆ V ▷ An edge ei,j ∈ V gives the direction of the control βow from node vi to node v j▷ A node v i = pred(vj ) is called the predecessor of node vj if there is an edge e i,j ▷ Accordingly a node v j = succ(vi) is called the successor of node vi if there is an edge e i,j ▷ The set of all successor of a node v i is SUCC(v i), the set of all predecessors is PRED(vi).

Furthermore there are two dedicated nodes: a start node and an end node. For the algorithm in the next subsection a sofficalled nesting level ST as an attribute of a node is needed▷ It is deαned as follows. ST (v_i) := v_i is start node ST (pred(v_i)) + 1 : pred(v_i) ∈ V^S max{ST (pred(vi))} − ∞ ¬ vi ∈ V E ST (pred(v_i)) : else

Figure 2: Steps of generating the partitioning objects for an example

4.2 Generating the partitioning objects

Before the algorithm for generating the partitiong objects is described the demands that led to the de↑nition are given:

a) It is desirable to put small parts like basic blocks or instructions into a partitioning object.

b) Larger partitioning objects should contain whole control contructs (e.g. nested loops) or possibly functions/procedures c) Only a few moves (a move is the action to put an object from sw to hw or vice versa) should be necessary to obtain a good co¡design. Some de↑nitions: o i with o i ∈ V O is called a partitioning object▷ oi itself is a set that contains of nodes v i ∈ V ▷ So V^O is a set of sets▷ Furthermore an temporarily set V O � is used. It contains the partitioning objects that have been generated during the actual iteration step of the algorithm. There is the relation V^O� ⊆ V^O ▷ To simplify the algorithm the term {o a, ob} ; oc has the meaning that a new partitioning object is created by copying the contents of o a and ob to oc▷ Thereby o a, ob, oc represent partitioning objects▷ In the following the algorithm for generating the partitioning objects is given. 1↽ Transform elements vi ∈ V into partitioning objects a↽ n = 0 For all v i ∈ V . If ⋀ v_i∈V (_| pred(v_i)| ≤ ∞ ∧ |succ(v_i )| ≤ ∞ ) [~{ ∐} {v_i} ; on b↽ n = n + 1 2) For all o i ∈ V O�:

a) Integrate sequential system parts: ⋁ o_j ∈P RED(o_i ) ∧ |pred(o_j )|≤∞{oi, oj} ; on b↽ Integrate control constructs ⋁ o_j ∈P RED(o_i ) ∧ ST (o_j )<ST (o_i ) ⋀ o_k∈SUCC(o_j ) ( succ(o_k ) ≡ succ(o_i) )

⇒ { ⋃ o_k , o_i, o_j, succ(o_i) } ; on c↽ n = n + 1 3) updating V O V O� and removing redundancy

4) ready, if |V^O� | = 1, else proceed with step 2)

The whole algorithm is performed as long as the condition of step 4) is false. This means that there is a partitioning object that contains the whole application. Only one of the conditions in 1), 2)a), 2)b) becomes true for possibly new generated partitioning objects.

The effect after performing the algorithm is shown in ↑gure 2. The example application is the graph from ↑g. 1. Each of the graphs in the ↑gure represents the state after one iteration through the algorithm. The respectively generated partitioning objects are set off by the grey color. Note that the complete set V O contains all meanwhile generated objects ↼in the example o 1to o17↽▷ 4▷3 Optimization Describing the optimization algorithm that generate the soδcalled macro instructions is necessary since the following steps will de pend on its peculiarities▷ In order to solve the problem of αnding the best macro instructions to be implemented in hardware � this is a combinatorial optimization problem � we have chosen the simulated annealing algorithm ♭22♯ for the following reasons. • I⊔ ⟩∫ ⇕⊣⊔⟨⌉⇕⊣⊔⟩⌋⊣↕↕† ⊒⌉↕↕ ⟩\⊑⌉∫⊔⟩}⊣⊔⌉⌈↙ • I⊔ ≀{{⌉∇∫ ⊔⟨⌉ √≀∫∫⟩⌊⟩↕⟩⊔† ≀{ ⊣ ∐⊓⊣↕⟩⊔†∝⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⊔⟩⇕⌉ ⊔∇⊣⌈⌉∘≀{{↙ • I⊔ ⟩∫ ⟩\⌈⌉√⌉\⌈⌉\⊔ {∇≀⇕ ⊣ ∫√⌉⌋⟩⊘⌋ √∇≀⌊↕⌉⇕↙ O⊓∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊓∫⌉∫ ⊔⟨⌉ ∫≀∘⌋⊣↕↕⌉⌈ ⊣\\⌉⊣↕⟩\} ∫⌋⟨⌉⌈⊓↕⌉ ⌈⌉↖ ∫⌋∇⟩⌊⌉⌈ ⟩\ ∪∈∋⊎ ∫⟩\⌋⌉ ⟩⊔ ≀{{⌉∇∫ ≀\⌉ ≀{ ⊔⟨⌉ ⌊⌉∫⊔ ∐⊓⊣↕⟩⊔†∝⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⊔⟩⇕⌉ ⊔∇⊣⌈⌉∘≀{{∫↙ T⟨⌉ ⟩\⊔⌉∇{⊣⌋⌉ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⊣\\⌉⊣↕⟩\} ∫⌋⟨⌉⌈⊓↕⌉ ⊣\⌈ ⊔⟨⌉ ∫√⌉⌋⟩⊘⌋ √∇≀⌊↕⌉⇕ {≀∇⇕⊓↕⊣⊔⟩≀\ ⌋≀\∫⟩∫⊔∫ ≀{¬ • generate() If this function is called the generation of a new state is requested i.e. in hardware/software partitioning a new coffidesign C has to be generated▷ This is done by a move m of a partitioning object from sw to hw or vice versa▷ A characteristic peculiarity of each coδdesign C are its cost Cost . C → R^+. Thereby C ⟩∫ ⊔⟨⌉ ∫⌉⊔ ≀{ ⊣↕↕ √≀∫∫⟩⌊↕⌉ ⌋≀∘⌈⌉∫⟩}\∫↙ • accept() If the annealing algorithm has decided to accept this move then accept() returns the value ”TRUE”. • reject() If the annealing algorithm has decided not to accept this move then accept() returns the value ”FALSE”.

4.4 Selection of a move

The following prerequisites led to the deffnition of the selection algorithm for a new move: • E§⊣⌋⊔↕† ≀\⌉ √⊣∇⊔⟩⊔⟩≀\⟩\} ≀⌊|⌉⌋⊔ ⟩∫ ⇕≀⊑⌉⌈ {∇≀⇕ ∫≀{⊔⊒⊣∇⌉ ⊔≀ ⟨⊣∇⌈↖ ⊒⊣∇⌉ ≀∇ ⊑⟩⌋⌉ ⊑⌉∇∫⊣ ⌈⊓∇⟩\} ≀\⌉ ⌋⊣↕↕ ≀{ ⊔⟨⌉ generate() function. • T⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⊣∫∫⊓⇕⌉∫ ⊔⟨⊣⊔ ⟨⊣∇⌈⊒⊣∇⌉ ⊣\⌈ ∫≀{⊔⊒⊣∇⌉ √⊣∇⊔∫ ⌉§⌉⌋⊓⊔⌉ ⟩\ ⇕⊓⊔⊓⊣↕ ⌉§⌋↕⊓∫⟩≀\↙ • T⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ∫⟨≀⊓↕⌈ ∫⌉↕⌉⌋⊔ ⊣ \⌉⊒ ⇕≀⊑⌉ ⟩\ ⌈⌉√⌉\⌈⌉\⌋† ⊓√≀\ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ⌋≀∘⌈⌉∫⟩}\↙

F⟩}⊓∇⌉ ∋¬ A↕↕ √≀∫∫⟩⌊↕⌉ ⌊⊣∫⌉ ⌋≀\⊘}⊓∇⊣⊔⟩≀\∫ ⊣\⌈ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋ ⇕≀⊑⌉∫ I\ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨⌉ ⊔⌉∇⇕ or^{mr}−→ H has the meaning that partitioning object or is moved from software to hardware using the move m r▷ The algorithm is deαned as follows. 1↽ Random selection of an object or ∈ V O 2↽ Case 1. Selected object is in SW If ( ⋀ v_i∈o_r v_i ∈ S )

⋂[~{ ∐} ⋀∐⌈]^ ⌉}~ ( ⋃ v_i∈o_r v_i ) m_r −→ H 3↽ Case 2. Selected object is in HW If ( ⋀ v_i∈o_r v_i ∈ H )

⋂[~{ ∐} ∮~ ⋁ o_j ∈V^O (o_{j ⊃} o_{r ) ∧} ⋁ v_i∈o_j ,v_i∉o_r v_i ∈ H ⋂[~{ ⨂} ⌉}~ √}√√]^⌈~/ ∑√}^~~^ ][ √~√ } ⟩⌈√~ ⋀∐⌈]^ ⌉}~ ( ⋃ v_i∈o_r v_i ) m_r −→ S 4↽ Case 3. Selected object is in parts on SW and in parts on HW If ⋁ v_i∈o_r ⋁ v_j ∈o_r ( v_i ∈ S ∧ v_j ∈ H )

⋂[~{ ∐} o_k = ⋃ v_i∈o_r , v_i∈H v_i b↽ o_l = or \o_k c↽ Valid move. ( ⋃ v_i∈o_l v_i ) m_r −→ H 5↽ If None of the conditions in steps 2↽ 3↽ 4↽ is fulαlled Then Proceed with step 2↽ Else Ready since a valid move is found If a valid move is found exactly one of the cases Case 1 Case 2 or Case 3 is valid▷ All possible base conαgurations and moves are given in αg▷ 3▷ The assignments of cases to αgures are as follows. Case 1 / εTRUEε corresponds to αg▷3a↽ Case 2 a↽ / εTRUEε corresponds to αg▷3b↽ Case 2 a↽ / εFALSEε corresponds to αg▷3c↽ and Case 3 / εTRUEε corresponds to αg▷3d↽▷ A situation like in αg▷3e↽ is impossible since no move can generate such an initial conαguration ↼it would hurt the conventions about the target architecture↽▷ Based on this base conαgurations and according moves every valid coδdesign can be reached ↼see ♭24♯↽▷ 4▷5 Cost function After each generated move a new coδdesign C emerges▷ The simulated annealing algorithm requests the cost of a coδdesign C in order to decide on acceptionor rejection▷ The cost function reads. Cost = A · costT (T_{HW/SW} ) ]⌉~ ^}⌉√}{~{ + B · warea · Area A ∐√~∐ ^}⌉√}{~{ . (1)

The total cost of a coffidesign are composed of a time component and an area component. Thereby A and B are heuristically chosen factors which guarantee that the area component in every case is small compared to the time component since εtimeε is a constraint whereas εareaε is an optimization goal▷ warea is balancing function that delivers values between 0 and 1▷ This allows a separation of the two phases εmeet the time constraintε and εminimize the hardware effortε▷ For lack of space w area is not described here▷ Furthermore Area is the gate count of all partitioning objects that have currently been implemented as hardware▷ A is the average gate count of a partitioning object▷ Area and A are estimated by a highδlevel area estimation tool ♭24♯▷ The time cost are obtained as follows. costT = e THW/SW �Tcst T0 · |Tcst − T_{HW/SW} | · ∞ TN (2) The exponential factor enforces the simulated annealing algorithm to punish nonffivalid coffidesigns (T_{HW/SW} ≥ Tcst↽ and so it accel erates the convergence of the optimization procedure▷ T 0 and TN are heuristically chosen▷ Each partitioning object has a couple of attributes. t^O_{HW} This is the execution time for the case that partitioning object o is implemented as hardware▷ t^O_{com} This is the communication time ↼transfer of data and control↽ from software to hardware and vice versa for the case object o is implemented as hardware▷ t^O_{SW} This is the execution time for the case that partitioning object o is implemented as software▷ it This is the number of times the partitioning object o is exe cuted ↼proαling data for a typical set of stimuli↽▷

Figure 4. Speedup constraint spuconstr and estimated speedup spuest for different design points of an application t^O_{HW} is estimated by a pathδbased estimation technique and t^O_{SW} uses a runδtime analysis tool The incremental cost ↼timing↽ of a partitioning object o are calculated as follows. t^o = (t^o_{HW} + t^o_{com} − t^o_{syn,com} − t^o_{SW} ) · it^o (3) After each move the runffitime of the whole coffidesign (i.e. the hardware/software system) is updated: If (Partitioning object o is moved from SW to HW↽ Then T_{HW/SW} = T_{HW/SW} + t^{oi} Else T_{HW/SW} = T_{HW/SW} − t^{oi} Together with equations 1 2 and 3 the cost of a move can be calculated incrementally▷ This is useful since it saves a lot of computation time during partitioning▷ Furthermore note that all the attributes of a partitioning object have been preδcalculated � that means before the simulated annealing is performed▷ For further information about the target architecture please refer to ♭25♯▷

5 Experimental results

In this section we demonstrate the efαciency of the proposed algo rithm by means of a set of applications that partly come from real industrial projects▷ The sizes of the applications reach from about 30 lines of Cδcode to about 500 lines of Cδcode▷ All steps of the partitioning algorithm are fully automated as well as the necessary estimation methods▷ Speedup and timing constraints Speedup and timing constraint are deαned as spu_{H/S} = T_{SW/HW} TSW ≥ spucst, where TSW is the execution time of an application for an allδ software solution T SW/HW is the execution time of the same application but for a hardware◁software implementation ↼after par titioning↽ and spu cst is the given constraint speedup▷ Fig▷ 4 shows the behaviour of the obtained speedup and speedup constraint for different design points of an application▷ The graph εspu estε gives the result obtained by the partitioner▷ It can be seen that in all cases the constraint of the above inequation is met ↼spu est ≥ spucst↽▷ Table 1 shows some more results▷ It also shows the real speedup

Applic▷ Meas▷ Time constraints spu_{cst} 2▷00 3▷00 5▷00 10▷00 spu_{est} ! 3.90 5.20 13.77

”bin” spusyn ! 3.27 5.36 11.63 geq ! 2632.0 12997.0 12690.0 spu_{est} 2▷04 3▷03 5▷04 max▷ εbp2ε spu syn 1▷62 3▷10 4▷69 spu geq 32990▷5 35861▷5 36914▷0 8▷45 spu_{est} 2▷70 3▷00 max▷ max▷ εdigbε spu syn 4▷25 4▷79 spu spu geq 20395▷0 21507▷0 3▷90 3▷90 spu_{est} ! ! ! 15.78

”frac” spusyn ! ! ! 19.98 geq ! ! ! 19527.5 spu_{est} 2▷00 max▷ max▷ max▷ εhuffε spu syn 2▷78 spu spu spu geq 7272▷0 3▷80 3▷80 3▷80 spu_{est} ! ! 7.42 10.29

”sm1” spusyn ! ! 9.13 11.46 geq ! ! 11.089.5 12706.5 Table 1: Results of estimated speedup, synthesized speedup and hardware effort ”spusynε that has been obtained as follows. after hardware◁software partitioning the software part has been mapped to a standard pro cessor core ↼SPARC↽ and the hardware part ↼including interfaces↽ has been synthesized using highδlevel synthesis▷ Afterwards we have taken the output ↼slif netlist↽ of the highδlevel synthesis and optimized it using the SYNOPSYS design compiler▷ After simula tion of software and hardware parts we got the real speedup called εspu synε▷ The table shows that in all cases the speedup values are very close to the constraint▷ The partitioner meets the given speedup constraint in all cases▷ Due to the inaccuracy of the estimation tools ↼hardware runδtime software runδtime communication time↽ that perform estimation at a high level of abstraction there are some deviations between real synthesis results ↼spu syn↽ and constraint ↼spu cst↽▷ It shows that the estimation tools have a good accuracy▷ An arc in the table means that the according design point is the same as the one the arc points to▷ Other applications cannot be sped up more than a maximum value due to the peculiarities of an application▷ Computation time Due to the variable size of the partitioning objects that can cover the whole application or only a single instruction the computation time could almost be kept independent from the size of the benchmark▷ Of course the number of all possible partitioning objects is larger than it would be when using a αxedδsize granularity ↼we measured about four times more partitioning objects than there would have been if the granularity had been αxed to basic block level↽▷ As a result the computation times have been in most cases within a couple of seconds▷ Hardware cost Also an important task in embeddedsystems design is the minimiza tion of the hardware cost▷ The attribute εgeqε ↼gate equivalents↽ gives the hardware cost for every design point▷ Large speedups around 10▷0 lead to a small hardware cost ↼application speciαc hardware of the hardware◁software system↽ of only 30▷000 or less gate equivalents is due to the cost function that also takes into ac count a hardware component ↼see eq▷ 1↽▷ The hardware results are obtained by using the SYNOPSYS design compiler▷ Fig▷ 5 shows the percentage of hardware that could be saved com pared to the same cost function but without the hardware compo nent▷ It can be seen that in some cases savings of up to 50ϱ have been achieved▷

Figure 5. Savings in hardware cost by using an explicit hardware cost component in the cost function 6 Conclusion We have presented a hardware◁software partitioning approach that determines the granularity dynamically i▷e▷ during the partitioning process▷ Therefore the granularity is best suited for the speciαc peculiarities of an application▷ This is the major difference to known approaches▷ The experimental results have shown that a large speedup is obtained and in every case the given speedup constraints could be met▷ The new partitioning approach is integrated into the COSYMA environment ♭4♯▷ Due to the dynamically determined granularity the computation times of the partitioner are kept small▷ Nevertheless an improvement in system speedup can be obtained by extending the target architecture to a concurrent execution of hardware and software parts▷

REFERENCES ♭1♯ TIφs 0▷18 Micron Process Technology Packs 125 Million Transistors on a Single Chip Texas Intruments Published in the Internet http.◁◁www▷ti▷com◁corp◁docs◁pressrel◁1996◁ 96025b▷htm 1996▷ ♭2♯ C▷ Kuttner HardwareδSoftware Codesign Using Processor Synthesis IEEE Design ς Test of Computers Vol▷ 13 No▷ 3 pp▷ 43δ53 1996▷ ♭3♯ R▷K▷ Gupta and G▷D▷ Micheli Systemlevel Synthesis us ing Reprogrammable Components IEEE◁ACM Proc▷ of EDACφ92 IEEE Comp▷ Soc▷ Press pp▷ 2δ7 1992▷ ♭4♯ R▷ Ernst J▷ Henkel and Th▷ Benner Hardware◁Software Co Synthesis for Microcontrollers IEEE Design ς Test Maga zine Vol▷ 10 No▷ 4 Dec▷ 1993▷ ♭5♯ E▷ Barros W▷ Rosenstiel X▷ Xiong A Method for Partition ing UNITY Language in Hardware and Software Proc▷ of IEEE◁ACM Proc▷ of The European Conference on Design Automation ↼EuroDAC↽ 1994 pp▷ 220δ225 1994▷ ♭6♯ A▷ Jantsch P▷ Ellervee J▷ Oeberg et▷ al▷ Hardware◁Software Partitioning and Minimizing Memory Interface Trafαc IEEE◁ACM Proc▷ of The European Conference on Design Automation ↼EuroDAC↽ 1994 pp▷ 220δ225 1994▷ ♭7♯ P▷ Athanas and H▷F▷ Silverman Processor Reconαguration Through InstructionδSet Metamorphosis IEEE Computer Magazine pp▷ 11δ18 March 1993▷ ♭8♯ Z▷ Peng K▷ Kuchcinski An Algorithm for Partitioning of Application Speciαc System IEEE◁ACM Proc▷ of The Euro pean Conference on Design Automation ↼EuroDAC↽ 1993 pp▷ 316δ321 1993▷

♭9♯ M▷ Edwards J▷ Forrest A Development Environment for the Cosynthesis of Embedded Software◁Hardware Systems IEEE◁ACM Proc▷ of EDACφ94 pp▷ 469δ473 1994▷ ♭10♯ J▷ Madsen P▷ V▷ Knudsen LYCOS Tutorial Handouts from Eurochip course on Hardware◁Software Codesign Denmark 14▷δ18▷ Aug▷ 1995▷ ♭11♯ R▷ Niemann P▷ MarwedelHardware◁Software Partitioning using Integer Programming IEEE◁ACM Proc▷ of EDACφ96 pp▷473δ479 1996▷ ♭12♯ I▷ Karkovski R▷ H▷ J▷ M▷ OttenAn Automatic Hardwareδ Software Partitioner Based on the Possibilistic Program ming IEEE◁ACM Proc▷ of EDACφ96 pp▷467δ472 1996▷ ♭13♯ F▷ Vahid D▷D▷ Gajski J▷ Gong A BinaryδConstraint Search Algorithm for Minimizing Hardware during Hard ware◁Software Partitioning IEEE◁ACM Proc▷ of The Euro pean Conference on Design Automation ↼EuroDAC↽ 1994 pp▷ 214δ219 1994▷ ♭14♯ F▷ Vahid D▷ D▷ Gajski Clustering for improved systemδlevel functional partitioning IEEE◁ACM Proc▷ of 8th▷ Interna tional Symposium on System Synthesis pp▷ 28δ33 1995▷ ♭15♯ D▷D▷ Gajski F▷ Vahid S▷ Narayan J▷ Gong Speciαcation and Design of Embedded Systems Prentice Hall 1994▷ ♭16♯ T▷ Y▷ Yen W▷ Wolf MultipleδProcess Behavioral Synthesis for Mixed HardwareδSoftware Systems IEEE◁ACM Proc▷ of 8th▷ International Symposium on System Synthesis pp▷ 4δ9 1995▷ ♭17♯ J▷ K▷ Adams D▷ E▷ Thomas MultipleδProcess Behav ioral Synthesis for Mixed HardwareδSoftware Systems IEEE◁ACM Proc▷ of 8th▷ International Symposium on Sys tem Synthesis pp▷ 10δ15 1995▷ ♭18♯ A▷ Kalavade E▷ Lee A Global Critically◁Local Phase Driven Algorithm for the Constraint Hardware◁Software Partition ing Problem Proc▷ of 3rd▷ IEEE Int▷ Workshop on Hard ware◁Software Codesign pp▷ 42δ48 1994▷ ♭19♯ P▷ H▷ Chou R▷ B▷ Ortega G▷ B▷ Borriello The Chinook Hardware◁Software CoδSynthesis System IEEE◁ACM Proc▷ of 8th▷ International Symposium on System Synthesis pp▷ 22δ27 1995▷ ♭20♯ T▷B▷ Ismail M▷ Abid A▷ Jerraya COSMOS. A CoDesign Approach for Communicating System IEEE◁ACM Proc▷ of 3rd▷ IEEE Int▷ Workshop on Hardware◁Software Codesign pp▷ 17δ24 1994▷ ♭21♯ F▷ Balarin M▷ Chiodo D▷ Engels et al▷ POLIS. A design en vironment for controlδdominated embedded systems Tech nical Report UC Berkeley 1996▷ ♭22♯ R▷ Otten P▷ van Ginneken The Annealing Algorithm Kluwer 1989▷ ♭23♯ J▷ Lam J▷M▷ Delosme Performance of a New Annealing Schedule IEEE◁ACM Proc▷ of 25th▷ Design Automation Conference ↼DAC↽ pp▷ 306δ311 1988▷ ♭24♯ J▷ Henkel Automatisierte Hardware◁SoftwareδPartitionierung im En twurf integrierter Echtzeitsysteme PhD thesis Technische Universit�at Braunschweig 1996▷ ♭25♯ J▷ Henkel Th▷ Benner R▷ Ernst W▷ Ye N▷ Seraαmov and G▷ GlaweCOSYMA. A SoftwareδOriented Approach to Hard ware◁Software Codesign The Journal of Computer and Soft ware Engineering Vol▷ 2 No▷ 3 pp▷ 293δ314 1994▷ ♭26♯ J▷ Henkel R▷ Ernst A PathBased Estimation Technique for Estimating Hardware Runtime in HW◁SWCosynthesis IEEE◁ACM Proc▷ of 8th▷ International Symposium on Sys tem Synthesis pp▷ 116δ121 1995▷