RWTH Aachen

Department of Computer Science
Technical Report

Toward Low Static Memory Jacobian
Accumulation

Ebadollah Varnik, Uwe Naumann and Andrew Lyons

ISSN 0935-3232 . Aachener Informatik Berichte . AIB-2006-04

RWTH Aachen . Department of Computer Science . March 2006



The publications of the Department of Computer Science of RWTH Aachen
University are in general accessible through the World Wide Web.

http://aib.informatik.rwth-aachen.de/



Toward Low Static Memory Jacobian Accumulation

Ebadollah Varnik, Uwe Naumann' and and Andrew Lyons?

! LuFG Informatik XII, Software and Tools for Computational Engineering
Department of Computer Science RWTH Aachen University, 52056 Aachen, Germany
Email:{varnik |naumann}@stce.rwth-aachen.de
2 Department of Mathematics, Vanderbilt University
VU Station B Box 2895, Nashville TN 37235, USA
Email:1yonsam@gmail. com

Abstract. Derivatives are essential ingredients of a wide range of numerical algo-
rithms. We focus on the accumulation of Jacobian matrices by Gaussian elimina-
tion on a sparse implementation of the extended Jacobian. A symbolic algorithm
is proposed to determine the fill-in. The first version of the new algorithm results
in a speedup of five compared to the elimination algorithm that does not exploit
sparsity. On the given computer architecture we are able to handle problems with
roughly four times the original size.

1 Introduction

The context of this paper is automatic differentiation [1,3,2] of numerical pro-
grams. We consider vector functions

F:R"2D—R" y=Fkx) , (1)

that map a vector x = (x;)i=1,..n of independent variables onto a vector y =
(Yj)j=1,...m of dependent variables. We assume that F' has been implemented as
a computer program. Hence, it can be decomposed into a sequence of p single
assignments of the value of scalar elemental functions ; to unique intermediate
variables v;. This code list of I is given as

(R 3) v = p;(vi)i<j (2)

where j =n+1,...,q and ¢ = n + p + m. The binary relation ¢ < j denotes a
direct dependence of v; on v;. So, Pj = {i : i < j} is the index set of the argu-
ments of ¢;. Similarly, S; = {i : j < i} is the index set of the elemental functions
that have v; as an argument. The variables v = (vi)izl,“.g are partitioned into
the sets X containing the independent variables (v;)i=1,. n, Y containing the
dependent variables (v;)i=n+p+1,....q, and Z containing the intermediate variables
(Ui)i:nﬂ,m,nﬂ,. The code list of F' can be represented as a directed acyclic compu-
tational graph G = G(F) = (V, E) with integer vertices V.= {i:i € {1,...,¢}}
and edges (i,j) € E if and only if i < j. Moreover, V. = X U Z UY, where
X={1,....n}, Z={n+1,...,n+p},and Y ={n+p+1,...,q}. Hence, X, Y,
and Z are mutually disjoint. We distinguish between independent (i € X), inter-
mediate (i € Z), and dependent (i € Y') vertices. Under the assumption that all
elemental functions are continuously differentiable in some neighborhood of their
arguments all edges (4, j) can be labeled with the partial derivatives ¢;; = g—g
of v; w.r.t. v;. This labeling yields the linearized computational graph G of F.
From now on we use the notation G to refer to the linearized computational



graph. Equation (2) can be written as a system of nonlinear equation C(v) [5]
as follows.

QDj(’L)Z')Z'<j—Uj:0 forj=n+1,...,q . (3)

Differentiation with respect to v leads to

Cji ifi<j
C'=C'(vV) = () )ijmtg = § —1 ifi= (4)
0 otherwise

The extended Jacobian C' is lower triangular. Its rows and columns are enumer-
ated as j,7 = 1,...,q. Row j of C’ corresponds to vertex j of G and contains
the partial derivatives c;j of vertex j w.r.t. all of its predecessors k € P;. In the
following we refer to a row i as independent for i € {1,...,n}, as intermediate
fori e {n+1,...,n+p}, and as dependent if i € {n+p+1,...,q}.

The focus of this paper is on reducing the static memory requirement of Jaco-
bian accumulation by Gaussian elimination on C’. We aim to reuse memory freed
due to so called fill-out to store fill-in generated during the elimination process.
The structure of the paper is as follows: In Section 2 we review compressed row
storage (CRS) for storing C”. In Section 3 we introduce a symbolic algorithm that
uses a sparse bit pattern to detect fill-in and fill-out. Furthermore, we present
first ideas on how to make use of fill-out to further reduce memory requirement.
Section 5 shows some runtime and memory analysis.

1.1 Elimination Techniques

The Jacobian matriz (or simply Jacobian) of F' as defined in Equation (1) at
point xg is defined as follows:

(7 3) F = Flsa) = (52 <xo>>i_1""’m

Ox; j=1,...n

F’ can be obtained by eliminating all intermediate vertices j € Z from G as
introduced in [6]. Each predecessor ¢ € P; of j is connected with all successors
ke S;. 1f (i,k) ¢ E, then it has to be generated and labeled with ¢ ; 1= ¢ ;- ¢} ;.
Otherwise the value of ¢, ; is updated as ¢y ; := cg; +ci j - ¢j;- In the former case
we say that fill-in is generated whereas absorption takes place in the latter. The
elimination of vertex j can be understood as some sort of Gaussian elimination
of all non-zero entries in row/column j of C’. Therefore one has to find all those
rows k with 7 < k. In order to eliminate row/column j we perform the following
transformation on C’.

Definition 1 (Row/Column Elimination in C")

ot

Chyi = Ckj+CrjCji Vi<jAVk:j=<k
Cji =0 Vi<j
ckj =0 Vk:j=<k

CjJ' =0

(=)

oo
o — D T
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Note that c;; = 0 if 7 £ k. The new partial derivatives of vy, j < k, with respect
to v;, i < j, are computed by applying the chain rule in Equation (5). Hence,
any sensitivities of the v, on v; as well as of v; on any of the v; are removed
in Equation (6) and Equation (7), respectively. Fill-out is generated. Setting the
diagonal entry c; ; to zero in Equation (8) leads to the removal of the j-th row
and column in C”. If ¢4 ; = 0 then Equation (5) leads to fill-in otherwise it yields
absorption.

1.2 Example

Consider the vector function F : R® — R3 whose code list is given in Figure 1(a).
The corresponding G and C” are shown in Figure 1 (b) and (c), respectively. The

V1 =1 -1 0 0 0 0O 0 00O
V2 = T2 0O -1 0 0 0 0 00O
U3 = T3 0O 0 -1 0 0 0 00O
V4 = V1 * V3 ca1 0 ca3 -1 0 0 00O
Vs = V1 * V2 cs1c52 0 0 -1 0 000
Ve = V2 * VU3 0 C6,2 C6,3 0 0 -1 000
V7 = V4 * Vg 0 0 O cra 0 c76-100
Vg = V4 * Us 0 0 0 C8,4 C8,5 0 0-10
Vg = Vs * Vg L0 0 0 O co5co6 0 0 -1

(a) (c)

Fig. 1. Code list (a); linearized computational graph G (b); C’ (c) of F.

symbols A represent independent, 57 dependent, and () intermediate vertices.
Consider row 5 in Figure 1 (c) containing c5; and cs2. These are labels of in-
coming edges (1,5) and (2,5) of vertex 5 in Figure 1 (b). Column 5 contains the
partial derivatives cg5 and cg 5 that are the labels of outgoing edges (5,8) and
(5,9) of vertex 5. In the context of symbolic elimination we are merely interested
in the sparsity structure of C’. Hence, x represents fill-in, O) represents fill-out,
and blanks represent zeros in C’. Eliminating ¢5; in C’ is equivalent to front-
elimination [7] of (1,5) as shown in Figure 2 (a). Fill-in is generated as cg 1 [(1,8)]
and cg 1 [(1,9)] since rows [vertices] 8 and 9 have non-zeros [incoming edges| in
[from| column [vertex] 5. The elimination of the row/column [vertex] 5 in C’ [G]
can be done by elimination [front-elimination] of all non-zeros [incoming edges| in
[to] row/column [vertex] 5. The resulting fill-in, namely cg1 , cg2 , €91, and ¢g o
[(1,8) , (2,8), (1,9), and (2,9)] in C’ [G] is shown in Figure 3 (b) [(a)]. A total
of p! different row [vertex] elimination orderings in C’ [G’] are possible. In this
paper we focus on reverse elimination (n+p,--- ,n+1). Hence, the Jacobian F’
[the bipartite graph G'] is derived from C” [G] by elimination of all intermediate
rows [vertices| in order (6,5,4). The result is shown in Figure 4 (b) [(a)].

2 The Problem

In order to exploit the sparsity of C’ we use compressed row storage [4]. Fill-in
and fill-out may result in additional memory allocation and lost memory in CRS,



C4,1

O

C4,3
Cs5,2
C6,2 C6,3

-1

C7,4

-1

-1
C7.6 -1

X Cg8,4 C8,5 -1
X C9,5 C9,6 -1

(b)

c4,1 ca,3 —1
O O 0
6,2 C6,3 -1
cra  cr6 —1
X X C8,4 O —1
| X X O C9.6 -1

(b)

Fig. 3. G [C'] after elimination of vertex [row/column] 5 (a) [(b)].

respectively. As mentioned above F’ can be computed from C’ by reverse elimi-
nation. Different elimination orderings may yield different amounts of fill-in and
fill-out. Finding an optimal (or near optimal) elimination ordering is the subject
of ongoing work. In this paper we are merely interested in the computation of
F’ while exploiting the sparsity of C’ by using CRS. Our objective is to allocate
(once) static memory for accumulation of F’ from a given C’ in CRS format by
reverse elimination. The extended Jacobian C’ of F as in Figure 1 (a) has the
following CRS representation:

:[64,17 C4,3,C5,1,C5,2,C6,2,C6,3, C7,4, C7,6, C8,4, C8,5, C9,5, 69,6]
[1,3,1,2,2,3,4,6,4,5,5,6]
[1,1,1,1,3,5,7,9,11, 13]

o
K
p

The CRS currently does not contain memory for potential fill-in. Therefore we
need a fill-in detection procedure to allocate enough memory in our CRS struc-
ture. The corresponding symbolic elimination algorithm (see Section 3) yields
the following CRS structure:



1 -
-1
-1
o OO0
ON©) 0
ON©) 0
x x x0O 0O-1
x x x OO -1
x x x 0O -1
(b)

Fig. 4. Bipartite graph G’ (a) and the corresponding structure of C’ (b) after reverse elimi-
nation; The Jacobian is the 3 x 3 matrix in the lower left corner of C’ after the elimination
procedure.

=[c4,1,€4,3,C51,C5,2,C6,2,C6,3,0,0,0,¢7.4,¢76,0,0,0,¢8 4,¢85,0,0,0,¢9 5,9 6]
[1, 3,1,2,2,3,1,2,3,4,6,1,2,3,4,5,1,2,3,5, 6]
[1,1,1,1,3,5,7,12,17,22]

o
K
p

Elimination of 6 yields :

a =[c4,1,€4,3,€51,¢52,0,0,0,¢72,¢73,074,0,0,0,0,c84, cg 5,0, 9.2, o3, Co 5, 0]
K :[1,3, 1,2,-1,-1,1,2,3,4,—-1,1,2,3,4,5,1,2, 3, 5, —1]
p :[1, 1,1,1,3,—-1,12,17, 22]

where

C7,2:=Cg2"C76; C73:=C63" CT6;

€9,2 1= Cg2 " C96; C93:=C63" Cop

Elimination of 5 yields :

a =[c41,¢43,0,0,0,0,0,¢72,¢73,¢74,0,¢81,¢82,0,¢84,0,¢91,¢92,C93,0,0]
K :[1, 3,-1,-1,—-1,-1,1,2,3,4,—-1,1,2,3,4,-1,1,2,3,—1, —1]
p=[1,1,1,1,-1,-1,12,17, 2]

C8,1 ‘= C51°C85; (€82 = C52"C85;

€91 ‘= C51C95; C92:=0C92+C52"Co5

Elimination of 4 yields :

[07 07 07 07 07 07 C7.1,C7,2,C7,3, 07 07 Cg8,1,C8,2,C8,3, 07 07 C9,1,C9,2,C9,3, 07 0]
-1,-1,-1,-1,-1,-1,1,2,3,-1,-1,1,2,3,-1,-1,1,2,3, -1, ~1]
[1,1,1,-1,-1,-1,12,17, 22]

o
K
p



where

Cr1:=10C41Cr4; C73:=Cr3+C43"Cr4;

€81 =081+ C41-C84; C€83:=0C43 C84

Bold 0’s in « represent fill-out. Bold -1’s in x and p mark eliminated entries and
rows, respectively. For our example this approach leads to 9 additional memory
allocations for fill-in and 12 fill-out’s. Compared to the memory needed for storing
the whole extended Jacobian we observe a decrease in memory requirement by
less than a factor of 2. The savings are more substantial for larger problems as
illustrated in Section 5. Moreover, we expect to decrease the memory further by
reusing fill-out.

3 Symbolic Elimination Algorithm

Our symbolic fill-in detection algorithm uses a bit pattern B = B(F’) to hold the
sparsity structure of C’. Figure 5 (a) shows the corresponding integer matrix for
the extended Jacobian C” in Figure 1 (c). The binary representation is shown
in Figure 5 (b). The symbolic algorithm is implemented in C++. Therefore we
start counting with zero. Whenever we refer to the j-th row in B we mean the
row with index 7 — 1.

0 000000000
0 000000000
0 000000000
40960 101000000
49152 110000000
24576 011000000
5120 000101000
6144 000110000
3072 000011000

(a) (b)

Fig. 5. Bit pattern B as an integer matrix (a) and binary representation of C’ (b).

Algorithm 1 (Symbolic Algorithm)
IN : B — bit pattern of C'
OUT: B — filled bit pattern after reverse elimination

/1] FORi=n+p—-1,...,n
2] FOR j=q—1,...,i

3] k:=1i> 4,

[4] IF ( Blj][k] A 1< (15—1i%16))
/5] FORm=0,...,k

6] B[jllm] := Blj][m] v Bli][m];

Consider the symbolic elimination of row 6 in Figure 5 (a) using Algorithm 1 with
i =5 and j = 8 in line /1] and /2], respectively. The integer values corresponding
to rows 6 and 9 are stored in column k = 0 (line /3/) with B[5][0] = 24576 and



B[8][0] = 3072. 6 < 9 as in line [4] 24576 A 21°~° = true. Hence, B[8][0] =
27648 = 24576 V 3072. Line [5] in Algorithm 1 performs the bitwise OR for all
affected columns of B.

In the following we apply Algorithm 1 to the bit pattern of F' shown in
Figure 5 (a). The result is shown in Figure 6 (b). Symbolic elimination proceeds
as follows:

0 0 0 0

0 0 0 0

0 0 0 0
40960 clim(6) 40960 elim(5) 40960 elim(4) 40960
49152 — 49152 — 49152 — 49152
24576 24576 24576 24576
5120 29696 29696 62464
6144 6144 55296 63488
3072 27648 60416 60416

where

20696 = 24 4+ 213 1 5120; 27648 = 2 4 213 4 3072;
55206 = 2'5 4 214 + 6144; 60416 = 2'° + 27648;
62464 = 21 4 29696; 63488 = 2'3 4 55296

0 000000000
0 000000000
0 000000000
40960 101000000
49152 110000000
24576 011000000
62464 111101000
63488 111110000
60416 111011000

(a) (b)

Fig. 6. B (a) and the corresponding binary representation (b) after symbolic elimination.

4 First Ideas on Fill-out

We introduce two different methods for reusing fill-out. The symbols ® [O)] rep-
resent fill-out that is [not] reused, * represents a non-zero entry and X represents
fill-in in C".

4.1 Technique 1

We exploit the fact that the elimination of any c;; yields fill-out in the current
memory location. Consider the situation illustrated in Figure 7. The fill-in ¢;,
can be stored in the memory allocated for c;; which is getting eliminated. As
a consequence the p and s entries corresponding to the fill-in ¢;j have to be
changed.



Fig. 7. (a) before and (b) after the elimination of ¢;j;. The memory allocated for ¢;; is reused
to store the fill-in c; .

4.2 Technique 2

Consider in Figure 8 (a) where j =i + 1. After the elimination of ¢;; the entire
row becomes zero. Hence the fill-out in row ¢ can be reused to store the fill-
in generated in row j as shown in Figure 8 (b). Consider the CRS of C’ in

Fig. 8. Example for the use of second technique : (a) Before and (b) after the elimination of

Cji-

Figure 9 (a) where cg5 has been added to the matrix in Figure 1 (c). Applying
above techniques yields 9 fill-out’s, 6 fill-in’s, and 3 reused fill-out’s.

The CRS C’ after reverse elimination of all intermediate rows has the follow-
ing format:

a =[0,0,0,0,c71,c72,¢73,0,0,c8.1,C82,¢83,0,¢9.1,C92,C9.3,0,0]
k=[-1,-1,-1,-1,1,2,3,~1,-1,1,2,3,-1,1,2,3, -1, —1]
p=[1,1,1,-1,-1,-1,5,10, 14]

Figure 9 (b) shows the memory access pattern of reverse elimination mapped
onto the extended Jacobian.

5 Numerical Results

We compare runtime and memory consumption of our new CRS-based algorithm
(JacAccOnCRS) with reverse elimination of all intermediate rows of C’ (Ja-
cAccOnEJ). Both methods try to accumulate the Jacobian of the following
function:

Listing 1.1. f.cpp

void f(double* x, int n, int 1) {
double * h = new double [n];

10



1 - 1 -
0 -1 -1
0 0 -1 -1
cs1 0 ca3 —1 O oo
cs1652 0 0 —1 O O 0
0 cs2c63 0 c65 —1 X K 0
0 0 0 ¢ra O cr6—1 X O O -1
0 0 O cgacgs 0 0 —1 X X ® O -1
L 0 0 0 0 C9,5 C9.6 0 —1_ _X X X O O —1_

(a) (b)

Fig. 9. Modified C’ (a) and the corresponding memory structure (b) after reverse elimination.

for (i=0; i<l; i++){
if (1%2==0) {
h[0] = x[n—1]xx[0];
for (j=1; j<n; j++)
hij] = x[j—-1]*x[j]; }
else {
x[0] = h[n—1]«xh[0];
for (j=1; j<n; j++)
} x[j]=h[j—-1]«h[j];

}
}

We set n =100 and [ € {10,--- ,150}. Obviously, C' € IR7*? where ¢ = (I41)n.
All results have been obtained on an Intel Pentium 4 CPU running at 3.00GHz
with 1GB of memory.

JacAccOnCRS performs the following steps:

Creation of C' and B by running an overloaded version of F'.
Fill-in detection by the symbolic algorithm described in Section 2.
Allocation CRS and initialization of original non-zero entries.
Reverse elimination on C’ in CRS format.

Extraction of F’ from C’ in CRS format.

ANl

JacAccOnEJ performs the following steps:

1. Creation of C' and B by running an overloaded version of F.
2. Reverse elimination on C’.
3. Extraction of F’ from C’.

We observe an overall speedup of roughly five as illustrated in Figure 10. Sym-
bolic reverse elimination on B is about ten times faster than the corresponding
procedure on C’. On the given computer architecture we are able to handle
problems of sizes [ = 250 and [ = 1000 (for n = 100) using JacAccOnEJ and
JacAccOnCRS, respectively.

6 Conclusion

Jacobian accumulation on the extended Jacobian can be improved significantly
— both in terms of memory requirement and overall runtime — by using static

11
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Fig. 10. Runtime of JacAccOnCRS vs. JacAccOnEJ.

sparse storage allocated based on the result of a symbolic elimination algorithm.
The use of fill-out for storing potential fill-in is expected to yield even better
results. Further in-depth investigation of the combinatorial and memory access
problems is necessary to undercut the runtime of classical Jacobian accumulation
techniques such as finite difference approximation or forward mode automatic
differentiation [8].
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tion von Integrationswerkzeugen nach Westfechtel, Janning, Lefering und
Schiirr

O. Kubitz: Mobile Robots in Dynamic Environments

Martin Leucker, Stephan Tobies: Truth - A Verification Platform for
Distributed Systems
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Matthias Oliver Berger: DECT in the Factory of the Future

M. Arnold, M. Erdmann, M. Glinz, P. Haumer, R. Knoll, B. Paech, K.
Pohl, J. Ryser, R. Studer, K. Weidenhaupt: Survey on the Scenario Use
in Twelve Selected Industrial Projects

Th. Lehmann: Geometrische Ausrichtung medizinischer Bilder am
Beispiel intraoraler Radiographien

M. Nicola, M. Jarke: Performance Modeling of Distributed and Repli-
cated Databases

Ansgar Schleicher, Bernhard Westfechtel, Dirk Jager: Modeling Dynamic
Software Processes in UML

W. Appelt, M. Jarke: Interoperable Tools for Cooperation Support using
the World Wide Web

Klaus Indermark: Semantik rekursiver Funktionsdefinitionen mit Strik-
theitsinformation

Jahresbericht 1998

F. Huch: Verifcation of Erlang Programs using Abstract Interpretation
and Model Checking — Extended Version

R. Gallersdorfer, M. Jarke, M. Nicola: The ADR Replication Manager
Maria Alpuente, Michael Hanus, Salvador Lucas, German Vidal: Spe-
cialization of Functional Logic Programs Based on Needed Narrowing
W. Thomas (Ed.): DLT 99 - Developments in Language Theory Fourth
International Conference

Kai Jakobs, Klaus-Dieter Kleefeld: Informationssysteme fiir die ange-
wandte historische Geographie

Thomas Wilke: CTL+ is exponentially more succinct than CTL

Oliver Matz: Dot-Depth and Monadic Quantifier Alternation over Pic-
tures

Jahresbericht 1999

Jens Voge, Marcin Jurdzinski A Discrete Strategy Improvement Algo-
rithm for Solving Parity Games

D. Jager, A. Schleicher, B. Westfechtel: UPGRADE: A Framework for
Building Graph-Based Software Engineering Tools

Andreas Becks, Stefan Sklorz, Matthias Jarke: Exploring the Semantic
Structure of Technical Document Collections: A Cooperative Systems
Approach

Mareike Schoop: Cooperative Document Management

Mareike Schoop, Christoph Quix (eds.): Proceedings of the Fifth Interna-
tional Workshop on the Language-Action Perspective on Communication
Modelling

Markus Mohnen, Pieter Koopman (Eds.): Proceedings of the 12th Inter-
national Workshop of Functional Languages

Thomas Arts, Thomas Noll: Verifying Generic Erlang Client-Server Im-
plementations

Jahresbericht 2000

Benedikt Bollig, Martin Leucker: Deciding LTL over Mazurkiewicz
Traces

Thierry Cachat: The power of one-letter rational languages
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Benedikt Bollig, Martin Leucker, Michael Weber: Local Parallel Model
Checking for the Alternation Free mu-Calculus

Benedikt Bollig, Martin Leucker, Thomas Noll: Regular MSC Languages
Achim Blumensath: Prefix-Recognisable Graphs and Monadic Second-
Order Logic

Martin Grohe, Stefan Wdéhrle: An Existential Locality Theorem
Mareike Schoop, James Taylor (eds.): Proceedings of the Sixth Interna-
tional Workshop on the Language-Action Perspective on Communication
Modelling

Thomas Arts, Jiirgen Giesl: A collection of examples for termination of
term rewriting using dependency pairs

Achim Blumensath: Axiomatising Tree-interpretable Structures

Klaus Indermark, Thomas Noll (eds.): Kolloquium Programmier-
sprachen und Grundlagen der Programmierung

Jahresbericht 2001

Jiirgen Giesl, Aart Middeldorp: Transformation Techniques for Context-
Sensitive Rewrite Systems

Benedikt Bollig, Martin Leucker, Thomas Noll: Generalised Regular
MSC Languages

Jiirgen Giesl, Aart Middeldorp: Innermost Termination of Context-
Sensitive Rewriting

Horst Lichter, Thomas von der Maflen, Thomas Weiler: Modelling Re-
quirements and Architectures for Software Product Lines

Henry N. Adorna: 3-Party Message Complexity is Better than 2-Party
Ones for Proving Lower Bounds on the Size of Minimal Nondeterministic
Finite Automata

Jorg Dahmen: Invariant Image Object Recognition using Gaussian Mix-
ture Densities

Markus Mohnen: An Open Framework for Data-Flow Analysis in Java
Markus Mohnen: Interfaces with Default Implementations in Java
Martin Leucker: Logics for Mazurkiewicz traces

Jirgen Giesl, Hans Zantema: Liveness in Rewriting

Jahresbericht 2002

Jirgen Giesl, René Thiemann: Size-Change Termination for Term
Rewriting

Jirgen Giesl, Deepak Kapur: Deciding Inductive Validity of Equations
Jurgen Giesl, René Thiemann, Peter Schneider-Kamp, Stephan Falke:
Improving Dependency Pairs

Christof Loding, Philipp Rohde: Solving the Sabotage Game is PSPACE-
hard

Franz Josef Och: Statistical Machine Translation: From Single-Word
Models to Alignment Templates

Horst Lichter, Thomas von der Maflen, Alexander Nyflen, Thomas
Weiler: Vergleich von Ansétzen zur Feature Modellierung bei der Soft-
wareproduktlinienentwicklung

Jurgen Giesl, René Thiemann, Peter Schneider-Kamp, Stephan Falke:
Mechanizing Dependency Pairs

Fachgruppe Informatik: Jahresbericht 2003
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Benedikt Bollig, Martin Leucker: Message-Passing Automata are expres-
sively equivalent to EMSO logic

Delia Kesner, Femke van Raamsdonk, Joe Wells (eds.): HOR 2004 — 2nd
International Workshop on Higher-Order Rewriting

Slim Abdennadher, Christophe Ringeissen (eds.): RULE 04 — Fifth In-
ternational Workshop on Rule-Based Programming

Herbert Kuchen (ed.): WFLP 04 — 13th International Workshop on Func-
tional and (Constraint) Logic Programming

Sergio Antoy, Yoshihito Toyama (eds.): WRS 04 — 4th International
Workshop on Reduction Strategies in Rewriting and Programming
Michael Codish, Aart Middeldorp (eds.): WST 04 — 7th International
Workshop on Termination

Klaus Indermark, Thomas Noll: Algebraic Correctness Proofs for Com-
piling Recursive Function Definitions with Strictness Information
Joachim Kneis, Daniel Molle, Stefan Richter, Peter Rossmanith: Param-
eterized Power Domination Complexity

Zinaida Benenson, Felix C. Gértner, Dogan Kesdogan: Secure Multi-
Party Computation with Security Modules

Fachgruppe Informatik: Jahresbericht 2004

Maximillian Dornseif, Felix C. Gartner, Thorsten Holz, Martin Mink: An
Offensive Approach to Teaching Information Security: “Aachen Summer
School Applied IT Security”

Jiirgen Giesl, René Thiemann, Peter Schneider-Kamp: Proving and Dis-
proving Termination of Higher-Order Functions

Daniel Molle, Stefan Richter, Peter Rossmanith: A Faster Algorithm for
the Steiner Tree Problem

Fabien Pouget, Thorsten Holz: A Pointillist Approach for Comparing
Honeypots

Simon Fischer, Berthold Vécking: Adaptive Routing with Stale Informa-
tion

Felix C. Freiling, Thorsten Holz, Georg Wicherski: Botnet Tracking: Ex-
ploring a Root-Cause Methodology to Prevent Distributed Denial-of-
Service Attacks

Joachim Kneis, Peter Rossmanith: A New Satisfiability Algorithm With
Applications To Max-Cut

Klaus Kursawe, Felix C. Freiling: Byzantine Fault Tolerance on General
Hybrid Adversary Structures

Benedikt Bollig: Automata and Logics for Message Sequence Charts
Simon Fischer, Berthold Vécking: A Counterexample to the Fully Mixed
Nash Equilibrium Conjecture

Neeraj Mittal, Felix Freiling, S. Venkatesan, Lucia Draque Penso: Ef-
ficient Reductions for Wait-Free Termination Detection in Faulty Dis-
tributed Systems

Carole Delporte-Gallet, Hugues Fauconnier, Felix C. Freiling: Revisiting
Failure Detection and Consensus in Omission Failure Environments
Felix C. Freiling, Sukumar Ghosh: Code Stabilization

Uwe Naumann: The Complexity of Derivative Computation
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Uwe Naumann: Syntax-Directed Derivative Code (Part I: Tangent-
Linear Code)

Uwe Naumann: Syntax-directed Derivative Code (Part II: Intraprocedu-
ral Adjoint Code)

Thomas von der Maflen, Klaus Miiller, John MacGregor, Eva Geis-
berger, Jorg Dorr, Frank Houdek, Harbhajan Singh, Holger Wuflmann,
Hans-Veit Bacher, Barbara Paech: Einsatz von Features im Software-
Entwicklungsprozess - Abschlufibericht des GI-Arbeitskreises “Features”
Uwe Naumann, Andre Vehreschild: Tangent-Linear Code by Augmented
LL-Parsers

Felix C. Freiling, Martin Mink: Bericht {iber den Workshop zur Ausbil-
dung im Bereich IT-Sicherheit Hochschulausbildung, berufliche Weiter-
bildung, Zertifizierung von Ausbildungsangeboten am 11. und 12. Au-
gust 2005 in Ko6ln organisiert von RWTH Aachen in Kooperation mit
BITKOM, BSI, DLR und Gesellschaft fuer Informatik (GI) e.V.
Thomas Noll, Stefan Rieger: Optimization of Straight-Line Code Revis-
ited

Felix Freiling, Maurice Herlihy, Lucia Draque Penso: Optimal Random-
ized Fair Exchange with Secret Shared Coins

Heiner Ackermann, Alantha Newman, Heiko Roglin, Berthold Vécking:
Decision Making Based on Approximate and Smoothed Pareto Curves
Alexander Becher, Zinaida Benenson, Maximillian Dornseif: Tampering
with Motes: Real-World Physical Attacks on Wireless Sensor Networks
Uwe Naumann: Intraprocedural Adjoint Code Generated by the
Differentiation-Enabled NAGWare Fortran Compiler

* These reports are only available as a printed version.

Please contact biblio@informatik.rwth-aachen.de to obtain copies.
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