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Abstract

Partitioning  of a distributed data base requires
either that update activity be restricted or that a stra-
tegy for conflict resolution and partition merging be used
once communication is restored. The graph-theoretic
approach used by Davidson follows the latter approach
and can be used to show that finding an optimum solu-
tion to the general problem is NP-complete. We give
several methods of reducing the size of the graphs
involved. Two open subproblems are shown to be NP-
complete, while an extension of a known polynomial-time
subproblem is given. Simulation results are used to study
both the amount of compression achieved by the graph
reduction techniques and their effects on heuristics for the
problem. In addition, some modifications are made to
existing heuristics to improve their performance. A sim-
ple probabilistic model is developed and compared to the
simulation results.

1. Assumptions and Definitions

A distributed database (DDB) consists of a set of
data-items {d;, ..., dy} and a set of sites {s, ..., 8y}
that are connected by bidirectional communication links.
We assume that during normal operation any site can
send a message to any other site. The values of data-
items are manipulated by transactions, which have the
property that their actions are atomic from the point of
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view of any other transaction. Every transaction T has
associsted with. it two sets, READSET(T) and
WRITESET(T), which are, respectively, the sets of items
reasd and . written By  T.. We assume that
WRITESET(T) C READSET(T), and that data are fully
repﬁcated ie. thét there isa copy of 7'every¢dat&-fitem at
every sxte

A parhlwn of the DDB isa maxlmal subset of com-
municating sites. Site of communication link failures
may separate the DDB mto more’ !han one: partition,
whereas site or lmk recoveries. may reqlure that partitions
be -merged. The system is'said to be partitioned at any
time that it is composed of more than one pastition. We
assume that within a partition ‘the transaction activity
corresponds to some _serial schedule, and that this
schedule can be denved by any member of the partition
(using the history described below).

1.1. Description of the Problem

Strategies to allow a partitioned DDB to continue
functioning generally fall into one of two categories.
Most previous methods have been deterministic, guaran-
teeing that conflicts will be avoided. This ecategory
includes voting schemes [Gifi79, Thom78}, token passing,
and so on. A problem with these schemes is that failures
may occur in such a way that no partition can perform
updates; for example, in a voting scheme, no partition
may have a majority. In contrast, the second category of
algorithms is probabilistic and allows each partition to
perform updates that might conflict with updates in
another partition. Such strategies are called optimistic by
Davidson [Davi82] because they assume that the number
of conflicts will be small. When communication between
two or more partitions is restored, the partitions must
actions detect

compare their during  partitioning,



conﬂxcts “then back out (undo) transactlons until no
conflicts remain. To simplify the discussion, we shall
assume that only two partitions are to be reconnected at
a time. However, the method described generalizes to

any number of partitions.

The approach used here requires that whenever the
DDB is partitioned, each partition P; must maintain a
history of the READSET and WRITESET of all transac-

tions T;; that have committed (successfully completed) in
that partltlon since it was formed, along with the order in
~ which the trangactions committed. When two partitions
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H; for its partltlon using the history it has maintained

(we assumed this to be possible earlier). The serial

schedules are then used to construct a precedence graph.
Definition 1.1 [Davi82]. Let H;=T,,,Tys,..T},

and Hp="Ty,, Tos,..,Tae be serial schedules from parti-

. tions P, and P, respectvively,'

G(Hy,Hy)=(V E) is the digraph defined by:

(}) “V = {Tlla""!-Tlu} v {Tzlv'f'vTZul}-

(2) E = {Dependency Edges} v {Precedence Edges} U
{Interference Edges}, where

(a) Dependency Edges! —~there is a dependency
edge T, —»T,,, iff § <k and there is a data-item
d such that
d € WRITESET(T,) n READSET(T,) and
(Vs: i<j<k: d¢ WRITESET(T,;)).

(b) Precedence Edges—there is a precedence edge
T,;— T, iff i <k, there is no dependency edge
T,—T,, and there is a data-item d.such that
d € READSET(T,;) n WRITESET(T,;) and
(V5: i<j<k: d¢ WRITESET(T,;)).

(c) Interference Edges—-there is an interference
edge Ty;—T,; iff there is a data-item d such
that d € READSET(T;) n WRITESET(T,;).
(Similarly for Tg;—T}y;.)

For each vertex 9 €V, the dependency set of v,

dep(v), is the set of all vertices o' in V s.t. there is a
path of dependency edges from' v to v’ . For example, in
Fig. 1.1, the dependency set of @ is {a,d}, and
dep(c)={a,b,c,d}. If v is backed out, then dep(v) must
be backed out, since the values read by the transactions
in.dep(v) depend on the values written by v. We will use

1Cslled ripple edges in [Davi82).

The precedence graph

.
\

d

Fig. 11
the convention that if S is a set of vertices, dep(S) is the
union of the dependency sets of the members of S.

- [Davig2] contains a proof that G(H. l,H,) is aeyche iff
the combined set of transactions is serializable. Thus, if
G contains cycles and we wnh to find a seruhuble sub-
set of T) U Ty, some transactions (and their dependency
sets) must be backed out until the graph is uychc A set
S of vertices w1th the property that its remova.l leavu
the graph acyclic is called a Jeedback vertez set. o

We can now state the Pamtwn Mergmg Problem
(PM): given a precedence graph G=(V,E) and an
integer K >0, is there s set SCV such that dcp(S) isa
feedback vertex set of G and |dep(S)| £ K1 Such a set
S is called a transaction bcckesl set. The quantity
|dep(S)) is called the weight of the set S.

2. Some Properties of Precedence Graphs

This section contains some unportant lemmas abont
the properties of precedence gnphs The pomt of these

lemmas is that certain edges may be added ‘or deleted

without affecting the solution to an instance of PM.

' Lemma 2.1: Suppose G=(V,E) is a precedence
graph, a,b,c €V, (a,0)€E is any type of edge, (s, ¢)eE
is 8 dependency edge, and (s,c)¢E. Let

G' =(V,EU{(a,c)}), where (a,¢) is of the same type a"s
(a,b). Then SCV is a backout set of G & S is
backout set of G'.

Proof: (&) Tnvial, since G is a subgraph of G'.
(=) Suppose S is a backout set of G. Any cycle' that
includes (a,c) has a cofrsponding cycle in which (a,¢) is
replaced by (a,b) and (b,c). All of the latter are broken



by S. This could be done by removing @, b, ¢, or some
other nodes on the cycles invoiving {a,0) and (b,¢).
However, any of those removals will also break all cycles
involving (a,c). Thus, S must be a backout set of G'.
o

One useful consequence of this lemma is that an
interference edge need only be drawn from a transaction
T to the first transaction in the other partition that
writes any item read by T. This simpiifies constructing
precedence graphs.

Employing the above lemma will never increase the
number of strongly-connected components in the graph.
In particular, individual nodes will never become discon-
nected. The next lemmas illustrate that in some cases,
edges can be removed in such a way that the number of
components may increase.

Lemma 2.3: Let G=(V,E) be a precedenée graph,
where (a,0)€E and (b,a)€EE are interference edges,
c €dep(a), d€dep(d), (c,d)€EE, and (¢,d)7(a,b). Then
SCV is a backout set of G & § is a backout set of
G' =(V,E-{(¢c,d)}).

Proof: (=) Trivial, since G' is a subgraph of G.
(¢=) Suppose S is a backout set of G' but not of G.
Any cycle not broken in G must include (¢,d), since all
other edges of G are in G'. But the 2-cycle? involving a
and b is in G’ and can only be broken by déleting‘h or
b. Deleting either of these will result in removing (¢,d),
so that edge ¢annot be involved in a cycle in G, a con-
tradiction. Hence, S must be a backout set of G. O

Lemma 2.3: Let G=(V,E) be a precedence graph,
where (a,)€EE and (c,b)EE are interference edges,
¢ €dep(a), c£b. Suppose that all cycles involving (¢,b)
pass through ¢. Then SC V is a backout set of G & §
is & backout set of G' =(V,E-{(c,b)}).

Proof: (=) Trivial, since G' is a subgraph of G.
(¢=) Suppose that S is a backout set of G'. Note that
every cycle C involving (¢,b) has a corresponding cycle in
which the section of C from a to ¢ and (¢,b) is replaced
by (a,b). This latter cycle is broken by S. This could be
done by removing a, b, or some other transaction on the
path from b to a; howgver, any of these removals will
also break C. O

One easy method of constructing an equivalent pre-
cedence graph is to remove all edges (and thus vertices)

2A k-cycle is a cycle of length &

that do not lie on a cycle. This can be done by finding -
the strongly connected components of the graph and h
deleting all edges that do not conmect members of the
same component. This requires node weights (if needed)
to be stored at the nodes, as there would not necessarily
be any way to compute the weights from the reduced

graph.

3. The Complexity of Partition Merging

This section contains several theoretical results
about the partition merging problem. The first is

Theorem 3.1: The partition merging problem is
NP-complete.? '

Proof:  We will show that an instance of the feed-
back vertex set problem (does an arbitrary digraph G
have a feedback vertex set of size <K?) is polynomially
transformable to an instance of the ‘partition merging
problem. (For a proof tha§ the feedback vertex set prob- -
lem is NP-complete, see e.g. [AHU74].) Let G=(V,E) be
an arbitrary directed graph. It is obvious that we can

_ determine in polynomial time if some set $'C V is a tran-

saction backout set of G. We will show how to construct
in polynomial time a graph G'=(V',E') such that G’
is a precedence graph with a transaction backout set of
weight <K iff G has a feedback vertex set of size <K,

Define G’ as follows: " let V' =
Vu{y,: (a,b)eE}, and
E' = {(a,v4), (vey,b): (a,0)€E}. That is, replace each
edge (a,b)€E by two edges, (a,v,) and {v,,b). (See
Fig. 31) |
Let T,=V and T,=(V'-V), with H, and H, arbi-
trary orderings of T} and T, Let E' consist solely of
interference edges. Then G’ is a precedence graph, and
(Vo € V' : dep(v)={v}).

Note that the cycles of G and G' are in a 1-to-1
correspondence. Clearly, any feedback vertex set S of G
is a feedback vertex set (and thus a transaction backout
set) of G', and since each v€ V' has a dependency set
consisting only of itself, | S| <K iff weight(S)< K.

Now suppose that S is a transaction backout set of
G'. Then there is.a transaction backout ‘set -that is no
larger than S and. contains only members of V. To see
this, notice that if there were some v € S 'with v=v,;, we

3[Davi82] contains a similar, independently developed, proof.
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could replace it in § by &, since any cycle that includes
v, must include b. Call S’ the set derived from S by
doing all such . replacements. Since
(Vv e V': dep(v)={v}), | S’ | <K and S’ is a feedback
vertex set of G. O

This proof holds only if the number of items in the
database is unbounded, since the number of items needed
is of the order of the number of edges in the graph G. If
the number of items is a constant, the problem can be
solved in polynomial time.* [WrSk83]. However, it seems

"likely that in those environments for which the optimistic
protocol is suited, the number of data items will be much
larger than the number of transactions.

In a real database system, one partition might be
“privileged” 'in that its transactions would never be
backed out. This restriction does not help, howevet;
since the construction used in the prevxous proof only
removes nodes from one partition, we can conclude

Corollary 3. l " The partition merging problem
with one partition mehglble for backout is NP-complete.

Even if a problem is NP-coxnplete, it may have sub-
problems that can be solved in polynomial time. [Davis2)
contains one such example

Theorem 38.2: Let G=(V,E) be a precedence
graph for two partitions such that all edges are either
dependency edges or are interference edges that lie on 2-
cycles. Then a solution to PM can be found in polyno-
mial time. O

Davidson's proof actually allows a more general con-

clusion. Suppose P C E be the set of precedence edges in
E. Then any SCE is a backout set for G iff it is a

‘Result due to M. Krentel of Cornell University.

backout set for G’ =(V,E-P). To see this, suppose S is
a backout set of G'. Then it must break all 2-cycles in-
G' (all of which are also in G). The only way to do this
is to remove one or both vertices lymg on each 2-cycle
This has the effect of removing all mterference edges in
G' (hence G). Since a graph with no mterference edges
can have no cycles, S i isa backout set of G.

. The above theorem is partlcuhtly useful. sxnce, !or'
most environments, we‘wgqld expect that very few cycles
will be left after all 2-cycles are broken. . ..

Unfortunately, Theorem-3.2-does not extend' to more

‘than 2 partitions:® We will show this using & restricted

form of the problem “dces G have a vertex cover® of size
<K?'(VC), which is NP-complete éven for cublc ])l{nm-
graphs? [GaJoT79). We will first show that a restncted
version of VC on " eubic planar guphs u NP-complete "
Next, we will show how to convert m mstance of tlus
problem to an instance of PM that has only three parti-
tions and all interference edges lying on 2-cycles.

Lemma 3.8: .The vertex- cover:problem is NP-
complete for cubic planar ‘;,raphs that do not bave K, as
a component. . . o

Proof: Let G be a eublo phmit graph.: We ¢an
easily find the K, components of- & in polynomial time.
(They are simply those components containing exactly 4
vertices.) Assume that there are.m such compogents, and
let G' be the subgraph of G formed by deleting all these
components. Since K, has a vertex cover consisting:of
any 3 of its vertices, G’ has a vertex cover:of: liu 7.6 |
G has a cover of size K+ 3m. O ~'

. Lemma 3.4: Every ‘cubie planar graph G=(VE)
that does not have K, as a component can be 3~eoloi'ed
in polynomial timie. =

Proof: see [Lova75]

Theorem 3.5: PM is NP-complete for preaedence

graphs of 3 or more partitions even if all mter!erence
edges lie on 2-cycles.
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51t also does not extend to precedence graplis tht contul no 2-
cycles and all of whiose edges lic on a-cyéblwmes] :

°A subset S of V such that eveiy edge in E is incident on some
member of S. .

A graph is cubic if all of its vertices have degree 3.




Proof: Let G=(V.E) be a cubic planar graph that
We will construct in polynomial

{(V.E') fo Py
) 1or 3 paruuons

does not contain K.
time a precedence graph G'=(V.E
with the property thgt G has a vertex cover of size <K
iff G’ has a backout set of size <K. Define G’ as fol-
lows: replace each edge {a,b}€Ein G with two
directed. edges (a,b) and (b,a) in E’'. Let each edge in
E' be an interference edge. Construct a 3-coloring for
G, and use the colors as namies for the partitions in G’ .

Then there will be no interference edoes connectine two
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members of the same partition. Suppose SC V is a ver-
tex cover of G but noi a backout set of G*. But every
edge in G (hence G') is incident on a member of S and
~ hence no cycle can exist. Contrariwise, suppose SC V is
a backout set of G'. In particular, this means that all
2-cycles of G' are broken by S. But every.edge in G' is
‘on a 2-cycle (corresponding to an edge in G) and hence S

muét be a vertex cover of G. O

kont Stratesles
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The fact that s problem is NP-complete does not
mean that instances of it difficult to solve, only that they
may be difficult to solve optimally. For the optimistic
protocol to be of practical importance, however, efficient
heuristics that usually give good results must be found.

For some' NP-complete - problems, efficient
poiynomiai-time heuristics with good worst-case error
bounds have been foand. (Examples can be found in
[GaJo79], Chapter 6; errors are measured as the relative
size of the solution found by the heuristic to the actual
minimum.) For PM, straightforward methods such as
iteratively backing out the transaction of lowest weight
until the graph is acyclic have worst-case errors of O(n)

Y cuanh madon Tn fant avan tha hact AFf tha

£, P 4
0T a piapu Ui # noaes. i 3GVey TYTL wUU WU Ul wule

known heuristics has an error bound of O(n /log(n))
{WrSk83], which is foo’ uu'ge to be of any practical
significance. Thus, the decision was made to restrict
attention to fast heuristics with O(n) possible error to

see if their performance was adequate,

To gain understanding of heuristic solutions, and to
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computer simulation of random transactions in a 2-
partition DDB was used. (This approach was also taken
in [Davi82], which contains independent results of simu-
lating several strategies on 2-partition DDBs. The results
below reflect a more extensive set of observations.)
Details on the simulation are contsined in the Appendix.
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4.1, Using Reduced Graphs

One important simulation goal was to discover what
effect the use of reduced graphs would have on the
backout rates of various heuristics. It seemed possible
that the graph reductions might either cause improve-
ment (by eliminating spurious nodes from consideration)
or degradation (by eliminating significant nodes from con-

In nnmhm- neither of these occurred: resnlts

sideration \

" with extensive reduction (making full use of the graph

reduction Jemmas} and simple reduction {strongiy-
connected component construction only) had no

significant differences between them.

Although reduction does pot cause major improve-
ments in backout. rates, it has other merits, as the run-

nlnlr time of ecome hnnn_shu oan ha n.nnﬁn-nﬂv imnwarad
Sine O SomIe vals (a8 w0 Sigulialilivy Ngpivved

by applying them to reduced graphs. Davidson’s method
for optimally breaking 2-cycies has time compiexity
O(n®) for an n-vertex graph. The advantages of reduc-
tion here are obvious.® In addltxon, construction of pre-
cedence graphs was simplified by Lemma 21, since
interference edges need only be drawn to the first node

that wntm a nvnn lhagp

¥

A number of simulation runs were made to estimate
the amount of compression that reduction can give. The
results were very encouraging;. even under high-backout
conditions (backout rates around 30%), the number of
nodes in the zrabh was typically reduced by more than
40%. Under low-backout conditions (utes of 10% or

laas) tha numhaw was sadnsad fam monae ANOZ scan termiaal
1858, vl RUNIOTT was TeGuUdeqG el Hioif, sU/v Was vypical

About 3/4 of the compression can be attributed to
strongly-connected component ‘construction, thh t,he rest
due to redundant mterference edge ehmmatlon

Preliminary slmulatxon results auggested that some
heuristies would nerform better if thev were mtncted to

backing out transactions in only one partmon Smce res-
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triction is not symmetric (restriction to one partition does
not necessarily give the same results-as restriction’ to the
other), the problem is then to pick the better partition.
Graph reduction -provides a-partial solution: .even if the
size of each partition is initially ‘the same, in general the
sizes differ after reduction. The smaller partitionv can
then be used by heuristics that: only .consider one parti-




The amount of improvement given by this
modification over the original strategies varied depending
on the backout rate. When the rate was low (< 5%),
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GiHeTeRces wWere HaSIguLucanv. Juwerver, as Dlle rave Juse,
the modified strategies began to gain; a typical example
had the backout rate dropping from 28% to 24%°, an
improvement of 14%. This is particularly significant
because the improvement is greater than the differences
between the individual strategies, which were generally
less than 5%.

Unfortunately, relative partition size is only. a guide.
If the partitions were approximately the same size after
reduction, applying the heuristics to the larger partition
sometimes gave better results. In cases like this, trying
the heuristics on both partitions and taking the better
performance by sbout 10% in high-

roqult imnrow
resuit imbroved

backout situations.

4.2. Parameter Sensitivity

A change in some simulation parameters affects the
output more than a change in others. The parameters for
this simulation were:

(1) N1, N2 number of transactions in partition 1

and 2, respectively

2 M data-items in the database

3 1 average no. of data-items referenced
by a transaction

4) RO average percentage of read-only tran-
sactions

(5) U average percentage of data-items

updated in each non-read-only tran-
"saction _

The simulations provided the following results. (The

Appendix contains graphs illustrating some of these.)

o Holding the ratio (N1+ N2)/M constant and all
other parameters fixed (including the ratio N1/N2)
gives S constant backout rate, as was expected.

o The backout rate is sensitive to changes in RO
throughout it§ range (see Appendix).

In this and most other cases, the number of simulation samples
was 100 to 150, which was sufficient to make the 95% confidence in-
tervals on the backout rates less than one perceatage point.

o Changes in U cause approximately linear change in
the backout rate from U=0% to about U=50%;
thereafter, change increases the rate only slightly
{see Appendix).

" o The backout rate is inversely proportional to M for
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rates below sbout 30%.

o The probability distribution of data-item references
has a relatively small on the backout rate. Even an
80/20 distribution (20% of the items referenced 80%
of the time) increases the backout rate by only a few
percentage points over a uniform distribution. “Thus,
the use of a uniform. dlstnbutlon by the simulations
is reasonable. ‘

E TR Y Yan Y eal ningn —aad

[ if WRITESETs b l)etween paruuons do not over
backout rates drop dramatically (see Appendlx)
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4.3. Using Optimlstic Commit

~ For optimistic commit to be worthwlule in a DDB,
the costs of the protocol must be cutweighed by the codts
of delaying transactions., We can .express this relation-
ship for n transactions as follows;

D—-;‘— > A(n) + (B + C)b(n)n, where

Afn) is the cost of running the backout selection
algorithm

B is the average cost of backing out a transac-

tion (may include a penalty cost)

C is the avérage cost of re-executing a transac-
tion

D is the average cost of delaying a transaction

b(n) is the fraction of transactions backed out .

The L. term on the left side of the mequahty reflects

that an ordmary DDB, when partmoned would typlcally
be able to run about half of the transactions submitted
(using voting or some other method). In the. strategies
used in our simulations, A(n)=Asn. In this case, we can

D-24 : .
2B+ ) > b(.n). Forya.lues

of n satisfying this inequality, it will be advantageous to
use optimistic commit. Most of the parameters involved
should be fairly easy to estimate for a given database sys-
tem.

rearrange this equation to




4.4. A Probabilistic Model

In this section we develop a probabilistic model that
can be used to estimate the backout rate of a set of tran-
sactions as a function of the parameters used by the com-
puter simulation. We consider two types of conflict — 2-
cycles caused by write-write interference and direct

~dependency effects of those 2-cycles — and estimate the

number of nodes removed due to both types.1

First, we estimate NTC, the number of nodes in one
partition that are in 2-cycles. (We will consider P for
purposes of exposition. In addition, we will use RO and
U as fractions rather than percentages in order to sim-
plify the formulas.) Only an update transaction, of which
there are NI(1-RO)=NRW, can be involved in a 2-cycle.
The average number of items updated by such a transac-
tion is J#U. As long as the total number of update refer-
ences by transactions in P8 N2#[+(1-RO)+U = NUP, is
<< M, we can use NUP as the number of items updated
in P2 Then for an update transaction T in P{, the

probability that a given item T writes is not written in

P2 is —‘1‘—5-”—”- , and the probability that no item T
. U
writes is written in P2 is (M_;;UP) . Thus, the pro-

bability that some item written by T is also written in

#|
P2 (ic. that T is in & 2-cycle) is 1-[%&@) =PTC.

The expected number of transactions in P! involved in
2-cycles is simply PTCsNRW=NTC.

Second, we estimate NRD, the number of nodes
backed out because they are dependency children of
nodes in NTC. The relevant nodes are those that are not
involved in 2-cycles, but have dependency parents that
are. Let XTC be .the number of nodes not involved in

2-cycles, i.e. NI-NTC. The probability that a node in

P1 is not involved in a 2-cycle is Xl\ll.‘l Only update

transactions can have dependency descendants or be
involved in 2-cycles, and the expected number of update
transactions preceding T;, the kth node in the serial
schedule for P1, is (k~1)(1-RO). The probability that a
given predecessor of T, is both in a 2-cycle and & depen-

NTC (M— ) ”), s0 the proba-

iS 1-
M
1%[Davi82] considers the same eflects, but using a much more res-

dency parent of T} N1
tricted model. A more detailed model is contained in [WrSk83].
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bility that a prédecessor is either not in & 2-cycle or not a

dependency parent of T is 1-==-= NTC {l ( M—I\ '”)
w( () )

the probability that all predecessors are either not in a 2-
cycle or not dependency )pmn_ts of T, is
LT\ (k-1)(1-RO :
NTC M-I .
(— NI (I(M)v)) _ . The probability that
T, is counted in NRD is then

(k-1)(1-20)
NTC. M-I
o -22-(4)

In order to find the expected number of modes
removed strictly due to dependency effects, we must sum
(*) from k=1 to k=N1 and multiply by the expected
fraction of non-2-cycle nodes (XTC /N1). First, we delne

v (1-20)

NTC M-I ‘
(- 7 [ ( M) ') .- Then the expected
‘number of nodes removed due to dependency effects is

X]\f C § 2 1-a*1 or XNTC Ni- Za"' As long as the
1 k=] b=l .

problem is nqn-trivial (ie. U > 0, RO < 100%, etc.)

ST - S PR |
0<a<1, and we can use the identity Ea“ el )
kel 1-a

rewrite the summation as (XTC)(NI 1ol ) NRD,
N1 1-a

of nodes backed out

making the total number
NTC+ NRD.

4.5. Comparison with Simulation

The probabilistic model was compared with a wide
variety of simulation runs in order to determime the
agreement between the two. Agreement was excellent,
generally within 10%. Since the differences in practice
would be affected at least as much by factors such as the
variance of the transaction size, this is quite satisfactory.

5. Discussion
The significant results of this paper are

(1) New techniques allowing significant. reductnon in the
size of precedence graphs.

(2) New complexity results, particularly the case of mul-_
tiple partitions in which all interference edges lie on
2-cycles.

(3) Improvements in henmtlec and un.lym of the
impact that reduction lias on heuristic performance.



The graph reduction results are important for several
reasons. First, they simplify construction of the pre-
cedence graph, since interference edges need only run to
the first node that writes a given item, not to all of them.
This reduces the memory needed to construct the graph,
since the graph-construction program needs only a table
of “first writes,” not a list of all writes. Second, they
make the graph smaller. Third, their use does not
degrade the performance of the heuristics studied in this
paper. Fourth, and perhaps most important, restricting
heuristics to one partition only and using the smaller par-
tition after reduction can improve the backout rate of the

heuristics studied.
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Appendix

This section discusses some details of the simulation
and provides sample graphs that show the sensitivity of
the simulation output to changes in the parameters. For
a more complete discussion, see [WrSk83].

The simulations used. pseudo-randomly generated
transactions with the parameters defined earlier. Data-
item references were uniformly distributed over the data-
base in the simulation.! Update-set sizes had a binomial
distribution and transaction sizes were exponentially dis-
tributed.

A wide variety of strategies were used in the simula-
tions, but two emerged as preferable. Both were origi-
nally described in [Davi82). They are:

(a) Davidson strategy #2. Iteratively break all 2-cycles
by removing the node with lower weight.

(b) Davidson strategy #3. Break all 2-cycles by remov-
ing the node in partition 1. (As described in an ear-
lier section, the performance of this heuristic can be
improved by applying it to the smaller partition.)

If the precedence graph was not acyclic after all 2-cycles

had been broken, a minimum-weight node removal stra-

tegy was used to finish the job.

All other strategies considered had performance
essentially similar to Davidson #3, although they were
slightly inferior to it. While Davidson #3 did not always
give the best performance, it was typically as good or
better than any of these other strategies on a given exam-
ple.

The Davidson #2 strategy was distinctly different.
It had better performance under low-backout conditions,
but was worse under high-backout conditions. The point
at which it became worse varied, but was usually around
a backout rate of 15-20%. Since optimistic commit

probably would be used under low-backout conditions,
this strategy would be the one of choice. (There remains
the possibility of using Davidson’s optimal 2-cycle break-
ing algorithm. However, since this has time complexity
O(n?), it would be infeasible for large values of n. A fas-
ter approach would be to try several heuristics and use
the best result.) :

JExcept in experiments measuring the effects of changing this
distribution.



One note about costs should be made. The backout
rates in this report are simply the number of transactions
backed out as a percentage of all transactions. This is
not an accurate reflection of all environments. In partic-
ular, since backing out a readonly transaction does not
require changes to the database, it may be more reason-
able to give readonly transactions a weight of zero.
Simulations run using this cost function showed relatively
little change from the regular costs when backout rates
were low. However, as the rates rose, the modified func-
tion had increasingly better performance. For example,
when the original rate was 8%, the modified cost was 6%.
On the other hand, an original rate of 30% dropped to
17%. These results reflect the number of readonly tran-
sactions that are in the dependency sets of backed-out
update transactions. .
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