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In this paper we examine the recovery time in a database
system using a Write-Ahead Log protocol, such as ARIES

[9], under the assumption that the buffer replacement pol-
icy is strict LRU. In particular, analytical equations for log

read time, data 1/0, log application, and undo processing
time are rrresented. Our initial model assumes a read/write.
ratio of one, and a uniform access pattern. This is later

generalized to include different read/write ratios, as well as
a “hot set” model (i.e. XYO of the accesses go to yYo of the
data). We show that in the uniform access model, recovery

is dominated by data 1/0 costs, but under extreme hot-set
conditions, this may no longer be true. Furthermore, since

we derive analytical equations, recovery can be analyzed for
any set of parameter conditions not discussed here.

1 INTRODUCTION

Several recovery algorithms have been proposed in the lit-
erature, and the most common and popular ones are those
that use the write-ahead log (WAL) protocol with no force
and steal policies [6]. In these, a transaction updates the

data pages in place, ‘and commits by writing log records to
the disk. Furthermore, a page can be written to the disk

anytime during or after the transaction, provided the corre-

sponding log record is forced before the write happens.

In [9], Mohan et al. propose an idempotent WAL recov-
er y protocol called ARIES, which we will use in our analysis.

However, this analysis can be modified to other WAL pro-
tocols, especially those that record the state of the memory

in the checkpoints. Recovery in ARIES proceeds by looking
at the last checkpoint record, and using it to go to a par-

ticular point in the log and scanning the log forward from
that point onwards. Each log record may then result in a

data 1/0 (and possibly a write of another page to free up
buffer space), and the updates in that log record may then

be applied to the data page.
In this paper, we analyze the various components of re-

covery time. In particular, we concentrate only on soft-
warelhardware failures (i.e. ignore media failures), since
they are the most common and the most critical from the

perspective of quick recovery. Our analysis should not only
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help the database designer “anticipat e“ the recovery time,
but also help him design appropriate policies to restrict it

in cases where it becomes inordinate.

While a lot of work has been done in the area of database
buffer modeling [3, 5], most of it has been directed towards

analyzing the “buffer hit probabilities” under various page
replacement strategies. Analysis of recovery haa often been

directed towards worse-case scenarios [2] and is based on rel-
atively simple page write policies like forcing dirty pages at

checkpoint. However, recovery analysis when based on LRU
or its variations is much more difficult, and the true aver-
age case can only be obtained after the entire distribution
of the recovery time is obtained.

This paper presents a first step towards analyzing recov-
ery based on various page replacement strategies by studying

LRU in considerable detail. We make the standard Inde-
pendent Reference Model assumption, which states that all

accesses to data pages are st artistically independent [8]. The
analyais will proceed by making some simplifying assump-

tions, and then successively refining them in order to tackle

more complex scenarios:

● Each data page that is accessed is also updated. This

is true of TPCB [I] type transactions, but might not

be true otherwise. We later allow different read/write
ratios.

● Each data page is equally likely to be accessed, i.e.,

initially, we assume that there are no hot-spots in the

database. Since frequently, databases have hot-spots
with typical x-y distribution of accesses (i.e. x Yo of

accesses go to y YO of the database), we later relax the
uniform access assumption.

The rest of the paper is organized as follows. In Section
2 we give a brief overview of ARIES taken from [9] and in

Section 3 we present our analytical model under the uniform
access assumption, and study the behavior under various

parameter settings. In Section 4, we discuss how read/write
ratios different from 1 can be handled. and in effect we show
that the recovery time decreases as the read/write ratio is
increased. Section 5 refines the the model to include a hot-

cold dichotomy, and we show that some of the components of
the recovery time might increase many-fold. The paper ends

with conclusions and suggestions for future work, including

a discussion on how technology changes might affect the
conclusions in this paper.

1 The variations on LRU try and restrict the recovery time by forc-

ing additional 1/0’s and are described in the conclusions.
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2 ARIES 3. Undo phase.

In this section, we describe the relevant aspects of the ARIES

algorithm as applicable to recovery. The description used in
this paper does not adhere completely to that in [9], but its

salient feat ures are present.
In ARIES, every log record has an implicit log sequence

number (or LSN), which is the address of the first byte of

the log record. Each data page also stores the LSN of the

log record that describes the last change made to that page,

in the field pageLSN.
ARIES maintains a dirty page table (DPT) for all pages

that have not yet been pushed to the disk. This DPT con-

t ains two columns for each page that is dirty and in-memory:
the page-id, and RecLSN (or recovery log sequence num-

ber, which is the address of the next log record to be written

when the page was first modified). In other words, when-
ever a non-dirty page is updated in memory, a row is added
to the DPT with the corresponding page-id and the next

LSN to be assigned. Thus, the RecLSN indicates a position
in the log from where we have to start examining the log

to discover the log record that describes the changes made

to this page. Whenever a page is written to the disk, the
corresponding entry in DPT is deleted. Furthermore, at a
checkpoint (which happens periodically), the current DPT

is also recorded. Finally, whenever a page is updated, the
pageLSN entry on that page is updated to reflect the LSN
of the log record performing that update.

When the database system is recovering from a crash, it

goes through the log from the last check-point record (which
contains the DPT at the time of the checkpoint) to the end,

and reconstructs the DPT. In addition, it determines winner

and loser transactions. This scan is called analysis phase.
The next phase is called the redo phase, and the pseudo-

code in Figure 1 describes the actions performed. MinRe-
cLSN is the minimum RecLSN of the entries in DPT at

the last checkpoint, and indicates the earliest change in the
database log that was potentially not written to the disk.

The page describing the given log record needs to be exam-
ined only if

1. The redo processing is before the last checkpoint, and

the page appears in the DPT at the checkpoint, or

2. The redo processing has crossed the last checkpoint.

This criterion is a slight modification to the actual ARIES
algorithm, and is based on the assumption that the pages
are brought in as if the analysis phase has not taken place.

The exact rationale is given in [7] and does not affect the
results in any significant way.

If the page needs to be examined, and is not in the mem-

ory, then it is fetched (resulting in data 1/0 costs), and its

pageLSN entry is examined. If the pageLSN entry is less
than the LSN of the corresponding log record (indicating
that the page was written prior to this log record, and hence

does not contain its changes), the log record is reapplied to
the data page (resulting in log application costs).

Finally, in the third pass, called undo phase, all updates

to the loser transactions (i.e. those transactions that were
in flight at the time of the crash) are undone.

In summary, the recovery components are:

1. Analysis Phase

2. Redo phase, consisting of a) Log Scan Time, b) Data
1/0 time, and c) Log Application Time.

3 MODEL FOR UNIFORM ACCESS

Under the assumption that no writes were in progress while
the DPT was being written in the checkpoint record, this

DPT records the memory state exactly. As mentioned pre-

viously, we also assume that accesses occur with uniform

probability y, the read/write ratio is one, and the buffer re-

placement policy is strict LRU.

In order to model LRU replacement policy, it is conve-

nient to define the rank of a page in the buffer. If we assume
that the pages in the buffer are sorted in the increasing or-

der of the elapsed time since their last access, then each

page has a unique rank between 1 and B where B is the size

of the buffer pool (in pages). We can extend this concept
and state that if the rank of a page is B + 1, then it is on

the disk. Every time a page is accessed, it either enters the
buffer pool with a rank 1, or its rank within the buffer is

reset to 1. As it stays in the buffer without being accessed,
its rank event ually increases to B +1, and it is t brown out of

the buffer. This method of specifying the state of the buffer

has long been used [8], and is useful because the resulting

markov chain on the state space has a unique stationary
distribution [4], which is uniform when the access pattern is

uniform. Finally, we define the age of a page in the buffer
as the number of accesses (to it, or to other pages) since it

entered the buffer (including the one that brought it into
the buffer).

Table 1 describes the relevant notation for our analytic
model. The first eight parameters are applicable to our sim-

plest model (namely uniform access), as well as to the other
two models (hot-set and different read/write ratios). The

other sets of parameters are applicable only to their respec-
tive models. Based on these parameters, we will derive the

distributions of the random variables described in Table 2.
In this section, we derive the various components of the re-

cover y time when the accesses are uniform. We first analyze
the redo phase components, followed by the analysis and the

undo phases.

3.1 Components of Redo Phase

In the next three subsections, the three components of redo

- data 1/0, log application, and log scan - are analyzed in
detail. We show closed form solutions for the first two, and
algorithmic derivation for the last.

3.1.1 Data 1/0 time

If we assume that the entire buffer is lost during the crash,

and that B pages are available during the recovery, then it

can be seen that each page in the DPT at the last check-

point is needed to be brought into memory at least once,
However, in addition to the pages in the DPT at the last

checkpoint, all other pages that appear in the log records
after the checkpoint also need to be brought in during the
redo phase. The number of such pages is just the number of
different pages that appear in the log records after the last

checkpoint and which do not also appear in the DPT at the
last checkpoint. In order to derive the distribution for this

number, let us define Tj to be the number of pages required

to be brought in during redo till the jth record after the

last checkpoint. Then Tj has the following distribution (for
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for each log record frozi MinRecLSN

{
Scan the log record; /* i.e. pay log scan cost */

if (page needs to be examined)

{
if (page not in memory)

fetch
if (pageLSN <

apply

page fr;m di.ak;
LSN of this log record)

the log record to the page;

Figurel: ARIES redo

/* i.e. page datal/O cost */

/* i.e. log

algorithm

application cost *I

Model J?arameter Description

Uniform B Buffer Size (in pages)

N Tot al D B size (m Daees )
.“

CP I Number of 10Z records between checkDomts It -A -––
lpt Number of log records per transaction

mpl Number of transactions running concurrently

Mtoa. can II ~ +–..–.
Mro I 1/0 time Der data na~~

R/W ratios I I I

Table 1: Parameters of the Analytical Model

Table 2: Distributions derived in this paper
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j,k > O):

k–1
Pr(~j = k) = Pr(~j.t = k); +Pr(rj-1 = k– 1)(1 – ~)

(1). .
with Pr(ro = B) = 1 as the starting condition.

The above equation says that if after j – 1 records, the

number of different pages required is k – 1, then with a

probability of 1 – (k – 1)/N it will increase by one after j

records (i.e. a page not currently required is accessed), and

otherwise it will remain the same.

If c records appear in the log after the last checkpoint,
then the total number of different pages that are required

during redo is given by T,. Furthermorej if this much of

buffer space is available during recovery, then no page need

be brought in more than once, and hence the amount of data
1/0 during redo is given by ioc = ~c.

When the buffer is only B (i.e. not sufficient to accom-
modate TC number of pages), the amount of data 1/0 dur-

ing recovery is likely to be more than TC, since dirty pages
might have to be written out. In order to simplify the ana-

lytic modeling} we assume that CP < B, which allows us to

show that every page in rank B is dirty after the redo pro-
cessing has crossed the checkpoint record. It is clear that
during recovery, when the redo processing is at the check-

point record, every page in the buffer is dirty. Furthermore,
under the assumption that CP < B, not more than B new

pages enter the buffer, guaranteeing that at every inst ante
during recovery past the checkpoint record, the page in rank

B is dirty. Consequently, during redo processing, the num-
ber of writes is exactly equal to the number of data pages

that have to be read in beyond the checkpoint record.
Based on the above discussion, it can be seen that the

following relationships exist:

Pr(~j = k) = Pr(rj-1 = lc)~ + Pr(rj--l = k – 1)(1 – ~)

(2)

since beyond the checkpoint, the buffer always cent ains ex-

actly B pages. Now it is easy to see that Tj — B is binomially

distributed with parameters j and 1 – B/iV, and hence we
have

(’) B‘-B(;rk+B(3)Pr(rj= k)= k~B (1–~)

The totaJ number of 1/0’s is given by ioj = Tj + Tj – B, since

Tj — B is the number of pages read in after the checkpoint,
and hence the number of pages written out.

Figure 2a plots, for B = 1000 and N = 10000, the dis-

tribution of ioc for the four combinations of a) c = 100,
c = 200 and b) limited, unlimited buffer during recovery.

We see that ioc has a sharp spike slightly less than c + B
for the unlimited buffer cases, and at 2C + B for the limited

buffer case. The expected number of 1/0’s on a random
crash is given by:

CP-1

E(io) = & ~ ~(~oc)

C=o

The time required for the data 1/0’s is given by:

(4)

(5)

3.1.2 Log Application Time

Recall the condition for applying a log after a page has been

brought into memory - the PageLSN must be less than the
LSN of the log record being considered. Viewed differently,

this implies that a log record needs to be applied only if
the page was last written before the log record. A bit of

introspection will reveal that for a particular page p in the

buffer, the number of log records that need to be applied is

exactly equal to the number of accesses to it while it was in

the buffer before the crash (including the one that brought

it into the buffer).
The number of log applications is then given by L =

~~=1 Lj, where Lj is the number of log records (equiva.
lently, the number of accesses since last being written to the

disk) for the page in the jth rank. It can be shown that
the Lj are identically distributed. This follows from the

recurrence (for i > 1):

Pr(L~ = k) = Pr(L; = k) Pr(access to l..i – 1) (6)

+ Pr(L{._l = k) Pr(access not to l..i – 1)

The distribution of LI is easy to derive. In rank 1, k

resets will be seen only if a page in the buffer with k —1 resets
gets accessed. This holds for k > 1, and k = 1 can occur

only if a fresh page is brought in (with prob. pe = 1 – B/N).

We have

‘1
Pr(Ll=k) =~m Pr(Lj=k–l), k>l (7)

j=l

which leads to the geometric distribution

Pr(Lj = k) = Pr(Ll = k) = pe(l – pe)k-l (8)

with mean 1/pe. Now the distribution of L (which is a

sum of independent and identically distributed geometries)
is Pascal with the following distribution:

()WL = k) = ~j~ peB(l –Pe)k-B, k~B (9)

The independence follows from the assumption that accesses
to different pages are independent. The mean of the above

distribution is B/(1 – B/N), and the standard deviation is

B/@(l – B/N). Figure 2b plots the distribution of L for
B = 1000, N = 10000.

The time for log application is given by:

3.1.3 Scanning the Log

During redo processing, the number of log records that need
to be examined upto the last checkpoint is exactly the max-

imum age of the pages in the buffer pool (i.e. in the DPT
in the last checkpoint). This follows from the definition of

MinRecLSN in the ARIES recovery algorithm. Let us define
A to be it4a~(Aj, 1 ~ j < B) (recall that Aj is the age of
the page in rank j).

In order to derive the distribution of A, we need the dis-

tributions of Aj, 1 < j < B. It is easy to derive a recursive
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(a)

PROB. (X 10-3)

#DATA 1/0 (x1OOO)

PROB.

(b) 35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

10-%

I I I I I

I .00 1.05 1.10 1.15 1.20

#LOG APPLY (x1OOO)

Figure 2: (a) Distribution of Data I/O’s. L and Uindicate limited and unlimited buffers res~ectivelv. (b) Distribution of

To\al# of’L’og Applications. ‘

formulation for Pr(Aj = k), which is the probabihty that

the page with arankofj has anageofk.

Pr(A~ = k) =

{

We now describe

●

●

●

●

1;-— ifj=l, k=l

0

~ ~~1 WA = k - I)

ifj>k

ifj=l, k>l

Pr(Aj_l = k – 1)(1 – ~)

+Pr(Aj = k – l)% otherwise

(11)
each of these components in turn.

j=l, k= 1: This happens when a page not in the

buffer is brought in, and happens with a probabfity
1 – B/N.

j > k: A page cannot travel farther into the rank than
its age, and hence this probability is zero.

j = 1, k > 1: This happens when a page within a
buffer is referenced, and it results in setting the rank

of the page to one, and incrementing the age of the
page by one. The expression above reflects the sum

of the probabilities of the (mutually exclusive) events
that lead to this.

Otherwise: On a general reference, the age of the page
increases. Its rank also increases if the referenced Da~e

has a greater rank (or is on the disk), but rernti~s
the same if the referenced page is ranked below it,

The above is reflected in the last term in the above
equation.

Based on the distributions of Aj, we can write A as;

B

Pr(A < k) = ~ Pr(Aj s k) (12)

jzl

./

provided we make the simplifying assumption of indepen-

dence of the Aj, 1< j < B. It is obvious that this assump-

tion is not quite true, because no two ranks can have the

same age. However, our simulations have shown that the
product of cumulative distribution functions (calf’s) overes-

timates the true distribution slightly. In this paper, we will
use this product for studying A with the caveat that the
resulting cdf is above the true calf. Furthermore, the true

effect of this component of the recovery is multiplied by

itft~~~c=~, which being sequential scan, is fairly small com-
pared to other components. Consequently, the simplifica-
tions in modeling this part of the recovery do not lead to

severe inconsistencies in the total recovery time, as we show

later.

In order to see how the distribution of A varies with B,

Figure 3 plots the dktributions of A for B = 500, 1000,
1500 and 2000, for N = 10000. The expected value of
A increases faster than l?, and in fact, so does its standard

deviation. The reason for high expectation of 1? even when
B/N = 0.05 is not difficult to see. The value of A is deter-

mined by the probability y that one page is that old. So even
though the probability that individual pages are that old is

fairly low, the probability of at least one page being old is
fairly high, and increases as B increases, even if B/N is kept

constant. In [7], we show that E(A) grows as B log B. Thus
we can conclude that the oldest page in the buffer is likely to

be very old, even based on a simple LRU policy. When we
include hot pages into consideration, the age of the oldest

page will only increase, thus exacerbating the recovery time
even further.

Based on the above, the expected length of the log ex-
amined is then given by:

because the length of the log examined before the last check-
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MAXIMUM AGE (X 1ooo)

Figure 3: Distribution of MaxAge for various B

point is determined entirely by the DPT at the last check-
point, and on the average, a crash will occur midway be-
t ween two checkpoints, resulting in a log scan of ~ after
the last checkpoint.

The log scanning time is given by:

E(fio,.can) = M,.,.=.n * E(L,O,SCG?L) (14)

We now turn to the other two components of recovery - the
analysis and the undo phases.

3.2 Analysis and Undo Processing

It is easy to see that the number of log records scanned
during the analysis phase is uniform in [1, CP]. For typical

values of CP, we see that the time taken for analysis phase
is small com~ared to the other comDonent associated with

reading the log records – the log scan-time of the redo phase.
Consequently, the recovery component due to analysis is ig-
nored from now on.

The number of transactions that need to be undone be-

cause of a crash is given by mpl, the multi-programming
level. Assuming that a transaction writes lpt log recordsz,
uniformly spaced, the total number of log records that need
to be applied during undo processing can be approximated
as a uniform distribution between O and lpt * mpl, with an

expected value of 0.5 * lpt * mpl, and the time for this is
given by:

E(z’wldolo,.ppt,) = Jfto,.prll, * E(&ldo@Zppl,) (15)

= Miogapplv * 0.5 * lpt * mpl

Both the data 1/0 and log scan costs during undo can be ig-
nored under the assumptions of short duration transactions,
because the corresponding pages and log records would have
been read in during the redo phase, and are likely to be

around during the entire undo phase.

3.3 Total Recovery Time

In Figure 4a, we have plotted the recovery time compo-

nents for the following parameters: B = 1000, N = 10000,

CP = 200, mpl = 10, tpt = 3, MI~g~.~r = 0.4msec, 3
MIO = 20msec and MIOg@PP[y= 0.8msec, and under the

assumption that only 1? pages of buffer are available dur-

ing recovery. The data 1/0 distribution corresponds to

the assumption that the crash can occur anywhere between

checkpoints. We see that the recovery time is dominated
by the data 1/0 (about an order of magnitude more than

the next major component ), followed by the log application

and the log scan time, with the time for undo being a small
fraction of the total time spent duririg recovery. Figure 4b
plots the expected values of the recovery time components

as a function of B for the above values of the other param-
eters. We see that the recovery time is around 26 seconds

for a buffer size of lk. Furthermore, we see that while both
log scan and log application times are comparable, the for-

mer starts to dominate over the latter as the B increases.

We know that the expected log application time increases
as B/(1 — B/N), indicating that the expected MaxAge in-

creases at least as fast as this.

4 DIFFERENT READ/WRITE RATIOS

Until now we have been considering a read/write ratio of
one, i.e. every access involves an update. That is certainly

true of the data pages of Account, Teller, and Branch rela-
tions touched in the TPCB benchmark, but not true when

one considers the associated index pages. In more complex
benchmarks read/write ratios are typically in the range of

2-1o.
If every page that is accessed is not updated, then each of

the three components of the recovery time (excluding undo

processing, that is) gets affected. The age of a page is to

be really counted from the first update, and not the first
access, and this is likely to reduce the maximum age in the

buffer, thus affecting the log scan time. The data 1/0 has
to be paid for only those pages that were dirty at the time

of the crash, and this is likely to be smaller than the total

buffer size. Finally, the number of log records that need
to be applied on a page is exactly equal to the number of
accesses to it that were updates, in contrast to our previous
analysis where every access resulted in a log application.

In this section we analyze the various components of re-
covery under varying read/write ratios. The access distri-

bution is uniform as before. Let us also define f~ to be the
fraction of accesses which are also updates.

4.1 Data 1/0 Time

Here we describe the number of reads (i.e. number of 1/0’s)
under the unlimited buffer assumption because that is the

easiest to model. Furthermore, if B/(B + CP) > f~, then
it is expected that the total number of pages read in during
recovery does not exceed B, and hence modeling unlimited
buffers is just a convenience.

3 Under the assumption that each log record is 200 bytes, and se-

quential reads can proceed at lMByte/see, it takes around 0.2 msec to

each log record, and we add another 0.2 msec for the CPU processing

on the log

4 This is based on the assumption that applying a log takes around

4000 instructions, which on a 5 MIPS machine takes 0.8 msec.
2 These parameters are assumed to be independent of others for

simplicity of analysis.
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Figure 4: (a) Components of Recovery Time.

Let usdefinepc; to be the probability

rank i is “clean”. Then we have:

m

that the page in

pci = ~[Pr(Li = k)(l - j~)k] (16)

ksl

which follows from the fact that ifthepage is clean, then all
accesses to it in the buffer must have been reads, and L~ is
thedistribution of thenumber ofaccesses to it. Substituting
for the distribution of L~ derived earlier, we have,

(1 - :)(1 - $W)
vi, pci =W = (1 -(1 - fw):) (17)

since it is independent of i.
Wethenhave the following distribution form (the num-

ber of data reads till the last checkpoint):

()Pr(~O= k)= ~ (1 - pc)kpc*-k (18)

which is binomial in 1? and 1 – pc. This follows from the
observation that TO is the number of dirty pages at the last

checkpoint. Furthermore, we have:

Pr(rj = k) = Pr(~j_l = k)[~ + (1 – $)(1 – fW~19)

k–1
+Pr(rj.1 = k – 1)(1 – —~ )fw

which says that the number of pages read in does not in-

crease if a page already read in is accessed or a page from
outside is accessed for read. Otherwise, the number of pages
read in increases by one.

Figure 5a plots the distribution of the number of 1/0’s

(in this case, the number of reads), for the parameters used
in Figure 3 and for f~ = 0.1, 0.5 and 1, assuming that the
crash occurs randomly between checkpoints.
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,

BUFFER SIZE B (X 1000)

(b) Expected Values of Recovery Components

4.2 Log Application Time

Let pr, pw be the respective probabfities of read or a write
of a page in the buffer (where pT + pw = B/N and pw f (PT +

pw) = j~ ). Then the distribution of W~, the number of
writes seen by the page in rank i while in the buffer is:

Pr(W~ = w) = ~ Pr(W~ = wlL~ = k) Pr(L; = k) (20)

k~l

where L; is the number of accesses to the page. After some
simplification, we get

()
w

Pr(W~ = w) = —
1 ~~r (1 -pr~l -pe)’

W>o

(21)

For the special case Wi = O,

pr(Wi =0)= (~ _ ~T~lr– pe) (22)

This distribution is similar in form to a geometric distri-
bution but not exactly so. Substituting f~ = pw/(1 – pe),

the mean of the above distribution is

E(W~) = ~ _f;,N = fWE(L~) (23)

and the variance can also be computed easily.
The total number of writes over all B pages in the buffer

will no longer be Pascal since W~ is not pure geometric
but using the Central Limit Theorem, the distribution of

W = ~fll Wi is normal with mean B. E(W;) and standard

deviation SD(Wi)~.

Figure 5b plots the approximation for W for the param-
eters used in Figure 5a.

4.3 S.annkg the Log

We now allow the variables Aj to be zero-valued, which
corresponds to being clean in the buffer. So Aj does not
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begin counting age until the page is updated at least once,

As a result, Pr(Aj = k) is given by (for k > 1):

[(1 - :)+ + ~i=lB Pr(A~ = o)]fW if j = k = 1

0

* ~fi, Pr(Ai = k - I)

ifj>k

ifj=l, k>l (24)

Pr(Aj_, = k – 1)(1 – ~)

+Pr(Aj = k–l)% O.w.

The first term follows from the observation that a page at-
tains an age of 1 in rank 1 when it is either brought from
outside for update, or a clean page is accessed from inside

for update. The other terms remain the same because once
the page has been dirtied (i.e. achieved an age greater than

zero), its age will advance normally. Also, Pr(Aj = O) is
simply pc derived earlier.

Figure 5C plots Pr(A = k) under the above formulations
for parameters used in Figure 5a. We see that as fW de-

creases, the maximum age decreases. However, the distri-
bution is to the right if 1000, even for fW = 0.1.

The time for log scan decreases by another factor of .fW,

since when the maximum age is k, the number of log records
that are scanned during recovery is just kfw.

4.4 Total Recovery Time

In Figure 5d, we have plotted the three major components

of recovery time as a function of ~W. We see that the total
recovery time when ~W is decreased from 1 to 0.5 is reduced
from 26 seconds to around 15 seconds.

5 NON-UNIFORM ACCESS PATTERNS

In this section we expand our model to include the x-y

% rule, where x% of the accesses go to y% of the data.
The analysis and undo times are unaffected by the hot-set

model, and hence not discussed here. We define ph to be
the probability of access to the hot-set (whose size is H),

i.e. z = loo~h” and y = 100( H/N). Following [8], [5], [7],
we can derive Mp, the buffer hit probability based on LRU

replacement and a hot-set access pattern. Due to lack of
space, we remark briefly on the three components and show

their average behavior in Figure 6. See [7] for further details

and figures.

We derive the data 1/0 time under the assumption that
the amount of buffer space available during recovery is fixed
at B. The equations are analogous to the uniform case with
B/N replaced by bhp. It is observed that the number of

1/0’s actually decreases as the dichotomy increases, since
the number of data pages read in after the checkpoint ac-
tually decreases (as most of the pages are already in the

buffer).

With the dichotomy} Li are no longer independent or
identically distributed. However, the rest rict ed variables
(IA lRank i has a hot page) are independent. Their distri-

butions are approximately equal in the non-extremal cases
(when H/B is not too small). This can be used to show the

expected result that the number of log records that need to
be applied increases as the dichotomy increases.

The LogScan time rises sharply with a hot-cold dichotomy

because the oldest page is hot and stays in the buffer for very
long times. For example, when 50% of the accesses go to l~o

of the data instead of 50Y0, the expected maximum age goes
up from 2.6B to 5.8B.
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Figure 6: The Hot-Set Model: Expected
Components vs. ph

For the constants used in Figure 4a,

values (H = 100, N = 10000, c = 200)
various components of the recoverv time

1.0
P

h

Values of Recovery

and the parameter

Figure 6 plots the
as a function of DA.

We see tha( not only does the to~al recovery time incre~se
with an increase in the dichotomy, but also that the major
contributions to this increase come from the log scan and
log apply time, with the 1/0 time remaining fairly constant

(actually decreasing somewhat). At 90% of the accesses go-
ing to 1YO oft he data, the total recovery time increases from

around 26 seconds to 48 seconds.

6 CONCLUSIONS AND FUTURE WORK

In this paper we have studied the recovery processing us-

ing ARIES. Our initial model was based on certain simpli-
fying assumptions, namely uniform access patterns and a
read/write ratio of one. We derived the distributions for
the time taken for all the components of recovery, but con-
centrated on the redo components:

● Log Scan, which was proportional to the age of the

oldest page in the buffer.

● Data 1/0, which depended on the amount of buffer

space available during recovery.

● Log Application, which was a function of the number

of times a page is accessed while in the buffer.

By substituting realistic numbers for our parameters, we
showed that the recovery time is dominated by data 1/0,
and can be completed in about half a minute when the buffer

size is 1000 pages.

Our first embellishment to the model was to include dif-
ferent read/write ratios, and we showed how the probability
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distribution of the redo components could then be derived.

We showed that a read/write ratio greater than one reduced
all the recovery time components, and when it was equal to
2, the recovery took around 16 seconds.

We then expanded our model to include a “hot-set”, and
showed that this tended to lower the data 1/0 time, increase

the log scan and log processing time, and not affect the undo
time. It was shown that when 90% of the accesses went to

1% of the data, the recovery time rose to around three-
quarters of a minute, with the major factors being the log

scan and the log application times, which could be ignored

when the hot-cold dichotomy does not exist.

As a part of further work, we are expanding the model
to include the following:

● Some policies (in addition to LRU) that might be used
to reduce various components of recovery time:

1.

2.

3.

Clip the age beyond certain value, in effect, clip-
ping the maximum age, and thus limiting the log
scan time. This will be achieved by forcing pages

that have aged sufficiently to the disk. A worst
case analysis for such a policy is presented in [2].

Clip the log application beyond a certain value by
forcing a page that has been updated a sufficient
number of times to the disk.

Clip the data 1/0 by a) taking checkpoints more
frequently, or b) not ~owing more than certain

number of dirty pages in the buffer.

As is obvious, these strategies are considerably more

difficult to analyze, and furthermore, each strategy,
while designed to affect one distribution, has an indi-

rect affect on the other two components of redo.

● In schemes such as Asynchronous Replica Management
[2], dirty pages are asynchronously spooled to a sec-

ondary node. Consequently, if a node goes down, the
secondary node can run the log, recover the database,

and start processing transactions. The one advantage
of this recovery is that the secondary’s buffer is not
lost, and consequently, the data 1/0 requirements at
the secondary might be reduced. The same effect can
be observed on one site if some sort of battery-backed
up buffer is used. The distributions under various

policies for transferring dirty pages between a volatile
buffer and a non-volatile buffer (either on a different
node, or battery-backed up) need to be examined.

We conclude this paper with a brief discussion on the

impact of the emerging main memory technologies, that are
likely to push up reasonable values of B in the range of a

few tens of thousands, even on workstations. Assuming that
B/N remains constant (i.e. databases grow only as fast as
the main memory), we see that the data 1/0, might, at some
p.im+ A tire., b. dominated by the 106 scan costs, since

the former grows almost linearly with B, whereas the latter

grows much faster. Figure 7 plots the three redo components
(under a uniform access model) against B for B/N = .1.
We see that while the log scan components does increase,

it is still well below the data 1/0 component. In fact, as
B increases to 50k, the difference between the two actually

increases.s Based on this, we conclude that for the next

sThe effect is because MIO dommates over Mt. ~,ca~ for these

values of B, even though E(10) increases linearly and E(A) increases

superlinearly.
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Figure 7: Impact of Main Memory Technologies

few years, it is most important to limit the number of dirty
pages in the memory at any given time if bounded recovery

times are required.
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