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Introduction

ÅNavigation planning

Å Global and local

ÅCrowded game scenes

Å Many thousands agents 

ÅDecomposable movement

Å Explicit parallelism

ÅDynamic environment
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Motivation

ÅCUDA compute enabling

ÅNested data parallelism

ÅIrregular, divergent algorithms

Å Large thread SIMD challenge

ÅExtend GPU game computing

Å Core game AI actions
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Flat Data Parallel

serial operation on bulk data

Nested Data Parallel

parallel operation on bulk data



Objective

ÅOptimally navigate agents

Å From start to goal state

ÅRoadmap representation

Å Graph data structure

ÅParallel, arbitrary search

Å Varying topology complexity

ÅGPU performance scale
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Outline

ÅAlgorithm

ÅImplementation

ÅPerformance

ÅFutures
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Algorithm
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Graph

ÅLinked set of nodes, edges

Å G = {N, E}

ÅDense or sparse

Å Edges (E) to nodes (N2) ratio

ÅDirected or undirected

Å Ordered, unordered node pairs

ÅConsistent data structure
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dense, undirected

sparse, directed



Data Structure

ÅAdjacency matrix

Å Intuitive edge presence 

Å Wasteful for sparse graphs O(N2)

ÅAdjacency lists

Å Immediate node indices

Å Compact storage O(N+E)

ÅRoadmap sparse graph

Å Adjacency lists default
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Search

ÅFeasibility and optimality

ÅPlanning in state space

Å Unvisited, dead, or alive

ÅPriority queue alive states

ÅCost based state

ÅRunning time complexity

Å Worse than linear
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1:     Q.Insert(nS) and mark nS as visited

2:     while Q not empty do

3:         n Ŷ Q.Extract()

4:         if(n == nG) return SUCCESS

5:         for allu ʻ U(n) do

6:             nô Ŷf(n, u)

7:             if nô not visited then

8:                 Mark nô visited

9:                 Q.Insert(nô)  

10:             else

11:                 Resolve duplicate nô

12:      return FAILURE

Forward Search Algorithm Template
Åalive nodes are placed on a priority queue Q             

Åns and ng are start and goal positions, respectively

Åu is an action in a list of actions U

Åf(n, u), state transition function

Ån is current node and nô the next adjacent node.



Algorithms

ÅCost based search 

ÅPriority queue sort function

ÅSearch properties:

ÅDijkstra, A* without heuristic
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Search Start Goal Heuristic Optimal Speed

Best First no yes yes no fair

Dijkstra yes no no yes slow

A* yes yes yes yesɕ fast

ɕassumes admissible heuristic



Heuristic

ÅAdmissible = optimistic

Å Never overestimate cost-to-goal

ÅA* with admissible heuristic

Å Guarantees optimal path

ÅNarrows search scope

ÅSuboptimal, weighted heuristic

Å Quality vs. efficiency tradeoff
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Function Definition

Manhattan w * abs(ng - n)

Diagonal w * max(abs(ng - n))

Euclidian w * sqrtf(square(ng - n))

nïposition vector state



A*

ÅIrregular, highly nested

ÅPriority queue element

Å {node index, cost } pair

ÅMemory bound

Å Extensive scatter, gather

ÅLow arithmetic intensity

Å Embedded in heuristic

ÅUnrolling inner loop
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1:  f = priority queue element {node index, cost} 

2:  F = priority queue containing initial f (0,0)

2:  G = g cost set initialized to zero

3:  P, S = pending and shortest nullified edge sets

4:  n = closest node index

5:  E = node adjacency list

6:  while F not empty do

7:      n Ŷ F.Extract()

8:      S[n] Ŷ P[n]

9:      if n is goal then return SUCCESS

10:      foreach edge e in E[n] do

11:          h Ŷ heuristic(e.to, goal)

12:          g Ŷ G[n] + e.cost

13:          f Ŷ {e.to, g + h}

14:          if not in P or g < G[e.to] and not in S then

15:              F.Insert(f)

16:              G[e.to] Ŷ g

17:              P[e.to] Ŷ e

18:  return FAILURE

Cost notation: 

Åg(n): cost from start to node n

Åh(n): heuristic cost from n to goal

Åf(n, cost): combined cost of g(n) and h(n)



Implementation
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Software

ÅGame AI workloads

ÅGPU, CPU invocation paths

ÅOrthogonal multi core semantics

ÅCUDA graceful multi launch

ÅScalar C++, SIMD intrinsics (SSE)
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Tradeoffs

ÅShared roadmap caching

ÅWorking set coalesced access 

ÅEfficient priority queue operations

ÅDivergent kernel parallel execution 

ÅCUDA profiler for optimization
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Roadmap Textures

ÅLinear device memory

Å Texture reference binding

ÅFlattened edge list

Å With adjacency directory

ÅAdjacency list cacheable

ÅLoop control direct map

Å2 or 4, 32 bit components
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Working Set

ÅThread local storage

Å Global memory regions

ÅO(T*N) storage complexity

Å Node sized arrays

Å4, 8, 16 bytes data structures

ÅExceeding available memory 
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Inputs

List Definition Initialization

Paths start, goal positions user defined

G cost from-start zero

F sum of costs from-start, to-goal zero

P, S visited, dead node (edge) zero

Outputs

List Definition Initialization

Costs accumulated path cost zero

W subtree, plotted waypoints zero

T - threads, N - roadmap nodes

O(T*N)

O(T)



Coalescing

ÅStrided memory layout

Å Node id fast axis

ÅInterleaved organization

Å Thread id running index

ÅContiguous memory access

Å Across a thread warp

ÅArray indexing inexpensive
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Priority Queue

ÅElement pairs

Å Cost, node id

ÅFixed size array

ÅHeap based

Å Logarithmic running cost

ÅOperation efficiency

Å Insertion, extraction

ÅInsertions dominates 

Å Early success exit
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1:  __device__ void

2:  insert(CUPriorityQ* pq, CUCost c)

3: {

4:     int i = ++(pqŸsize);

5:     CUCost* costs = pqŸcosts;

6:     while(i > 1 && costs[i>>1].cost  >  c.cost) {

7:        costs[i] = costs[i>>1];

8:           i >>= 1;

9:      }

10:      pqŸcosts[i] = c;

11: }

1:  __device__ CUCost

2:  extract(CUPriorityQ* pq)

3: {

4:     CUCost cost;

5:     if(pqŸsize>= 1) {

6:         cost = pqŸcosts[1];

7:       pqŸcosts[1] = pqŸcosts[pqŸsize--];

8:         heapify(pq);

9:    }

10:    return cost;

11: }



Execution

ÅCUDA launch scope

Å Consult device properties

ÅAn agent constitutes a thread

ÅOne dimensional grid of

Å One dimension thread blocks

ÅKernel resource usage

Å 20 registers

Å 40 shared memory bytes
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CUDA Occupancy Tool Data

Threads per block 128

Registers per block 2560

Warps per block 4

Threads per multiprocessor 384

Thread blocks per multiprocessor 3

Thread blocks per GPU (8800 GT) 42



Performance
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Experiments

ÅRoadmap topology complexity (RTC)

ÅFixed, varying agent count

ÅDijkstra and non weighted, A* search

ÅSSE, multi core CPU scale

ÅCUDA interleaved kernel

ÅGPU timing includes copy
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