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Hashed and Hierarchical Timing Wheels: Efficient
Data Structures for Implementing a Timer Facility

George Varghese and Anthony Lauck

Abstract—The performance of timer algorithms is crucial The performance of algorithms to implement a timer module
to many network protocol implementations that use timers for pecomes an issue when any of the following are true.

failure recovery and rate control. Conventional algorithms to . - .
implement an Operating System timer module takeO(n) time to ¢ The algorithm is !mplemented by a procgssor that is
start or maintain a timer, where = is the number of outstanding interrupted each time a hardware clock ticks, and the
timers: this is expensive for largen. This paper shows that by interrupt overhead is substantial.

using a circular buffer or timing wheel, it takes O(1) time to « Fine granularity timers are required.

start, stop, and maintain timers within the range of the wheel. « The average number of outstanding timers is large
Two extensions for larger values of the interval are described. In 9 9 ge.

the first, the timer interval is hashed into a slot on the timing If the hardware clock interrupts the host every tick, and the
wheel. In the second, a hierarchy of timing wheels with different interval between ticks is in the order of microseconds, then the
granularities is used to span a greater range of intervals. The nterrypt overhead is substantial. Most host operating systems

performance of these two schemes and various implementation : - .
tradeoffs are discussed. We have used one of our schemes t ffer timers of coarse (milliseconds or seconds) granularity.

replace the current BSD UNIX callout and timer facilities. Our Alternately, in some systems fine.r granularity timers reside
new implementation can support thousands of outstanding timers in special-purpose hardware. In either case, the performance

without much overhead. Our timer schemes have also been of the timer algorithms will be an issue as they determine the

|mplkemented in other operating systems and network protocol |5tency incurred in starting or stopping a timer and the number
packages. of timers that can be simultaneously outstanding.

Index Terms—Callout facilities, hashed wheels, hierarchical  As an example, consider communications between members

wheels, protocol implementations, Timers, Timer Facilities. of a distributed system. Since messages can be lost in the

underlying network, timers are needed at some level to trigger

|. INTRODUCTION retransmissions. A host in a distributed system can have

N a centralized or distributed system, we need timers ngveraI timers outstanding. Consider, for example, a server
I the following ' with 200 connections and 3 timers per connection. Further, as

Failure Recovery: Several kinds of failures cannot be OIe_networks scale to gigabit speeds, both the required resolution

tected asynchronously. Some can be detected by perioﬁﬂ:d the rate at which timers are started and stopped will

checking (e.g., memory corruption) and such timers aMa‘}%crease. Several recent network implementations (e.g., [6])
expire. Other failures can only be inferred by the lack df2ve been tuned to send packets at a rate of 2500040000

some positive action (e.g., message acknowledgment) withif&Ckets per second. , _
specified period. If failures are infrequent, these timers rarely S0me network implementations (e.g., the BSD TCP im-
expire. plementation) do not use a timer per packet; instead, only
Algorithms in Which the Notion of Time or Relative Time i§ few timers are used for the entire networking package.
Integral: Examples include algorithms that control the ratdn® BSD TCP implementation gets away with two timers
of production of some entity (process control rate-bas@gcause the TCP implementation maintains its own timers for
flow control in communications), scheduling algorithms, an@ll outstanding packets, and uses a single kernel timer as a
algorithms to control packet lifetimes in computer network&/0Ck to run its own timers. TCP maintains its packet timers in
These timers almost always expire. the simplest fashion: whenever its single kernel timer expires,
it ticks away at all its outstanding packet timers. For example,
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Besides faster error recovery, fine granularity timers also TABLE |
allow network protocols to more accurately measure small A“/: 'IE\IX:T“CVPSE SEGTZEPEGE%ELE\Fﬁo?JFL;Hé;L!FDREm?Azgi:ru:”
intervals of time. For example, accurate estimates of round trip

delay are important for the TCP congestion control algorithm SROLf”e - Critical Pafag"eter

[14] and the Scalable Reliable Multicast (SRM) framework ART IMER atency(average and worst-case)
L . . STOPTIMER Latency(average and worst-case)

[1_1] that is |mplementeq in thg Wb confer_encmg tooI_ [16]. PERTICKBOOKKEEPING Latency(average)

Finally, many multimedia applications routinely use timers, ExPIRYPROCESSING None

and the number of such applications is increasing. An example

can be found in Siemens’ CHANNELS run time system for TABLE Il

multimedia [3] where each audio stream uses a timer With | srency MeTrics FORTHREE PreviousLy USED ScHEMES NOTE THAT

granularity that lies between 10 and 20 ms. For multimesTorTIMER is O(1) FOR UNBALANCED TREES AND O[log ()] FOR BALANCED

dia and other real-time applications it is important to haveTREEs BALANCED TREE IMPLEMENTATIONS HAVE THE SLOWEST STOPTIMER
’ BEcAusE oF THENEED TO REBALANCE THE TREE AFTER A DELETION

worst-case bounds on the processing time to start and stop

timers cheme SBARTTIMER STOPTIMER PERTICK
; . . 1 1) 1 n
Besides networking applications, process control and other 5 (())E”«; 821; 85’1’;
real-time applications will also benefit from large numbers 3 O(log (n) O(log (n)) or O(1) o)

of fine granularity timers. Also, the number of users on a
system may grow large enough to lead to a large number of

outstanding timers. This is the reason cited (for redesigning caller of the routine blocks until the routine completes.
the timer facility) by the developers of the IBM VM/XA SP1 Both the average and worst case latency are of interest.

operating system [10]. For example, a client application that implements a trans-
In the following sections, we will describe a family ofport protocol may find that space is cheap and the critical

schemes for efficient timer implementations based on a dgtg&ameters for each routine in the timer module are as shown

structure called @ming wheel We will also describe perfor- in Table |I.

mance results based on a UNIX implementation, and surveyThe performance measures important for the client applica-

some of the systems that have implemented timer packagieds should be used to choose among timer algorithms.

based on the ideas in this paper.

lll. EXISTING TIMER SCHEMES

Il. MODEL There are two standard schemes.

Our model of a timer module has the following four
component routines. A. Scheme 1—Straightforward

STAR,TT'MER (IntervaI,ReguestId, Ex.piryAf:tiQnThe client Here [22] SARTTIMER finds a memory location and sets
calls this routine to start a timer that will expire after “Interval’y o+ |ocation to the specified timer interval. Evefy units,

units of time. The client supplies Requestldwhich is used  pegTickBookkeEPINGWIll decrement each outstanding timer:
to distinguish this timer from other timers that the client hag any timer becomes zero,XBIRYPROCESSINGs called.
outstanding. Finally, the client can specify what action must bethis scheme is extremely fast except for per tick bookkeep-

taken on expiry: for instance, calling a client-specified routin%g_ It also uses one record per outstanding timer, the minimum

or setting an event flag. , . space possible. Its performance is summarized in Table II. It
STOPTIMER (Requestlj This routine uses its knowledge ofg appropriate if:

the client andRequestido locate the timer and stop it. L )
« there are only a few outstanding timers;

PERTICKBOOKKEEPING Let the granularity of the timer be most timers are stopped within a few ticks of the clock:

T units. Then everyl’ units this routine checks whether any : . .
. . N . « PERTICKBOOKKEEPINGis done with suitable performance
outstanding timers have expired; if this is the case, it calls .
by special-purpose hardware.

STOPTIMER, which in turn calls the next routine. ) ]
EXPIRYPROCESSING This routine does the ExpiryAction ~ NOte that instead of doing a Decrement, we can store the
specified in the SRTTIMER call. absolute time at which timers expire and do a Compare. This

The first two routines are activated on client calls whil@Ption is valid for all timer schemes we describe; the choice

the last two are invoked on timer ticks. The timer is often apetween them will depend on the size of the time-of-day field,

external hardware clock. the cost of each instruction, and the hardware on the machine

The following two performance measures can be used ipgplementing these algorithms. In this. paper we will use the
choose between the various algorithms described in the resPgicrement option, except when describing Scheme 2.

this paper. Both of them are parameterizedrhythe average

(or worst-case) number of outstanding timers. B. Scheme 2—Ordered List
1) SpaceThe memory required for the data structures used Here [22] FERTICKBOOKKEEPING latency is reduced at the
by the timer module. expense of BARTTIMER performance. Timers are stored in an

2) Latency The time between the invoking of a routine inordered list. Unlike Scheme 1, we will store the absolute time
the timer module and its completion, assuming that treg which the timer expires, and not the interval before expiry.
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qhead Arrival of Timer Module |©uputin sorted
=[10:23:12 | « 10:23:24 10:24:03 unsorted | (sorting module) order (igﬁoring
timer requests stopped timers)
Fig. 1. Timer queue example used to illustrate Scheme 2. Fig. 3. Analogy between a timer module and a sorting module.
O Infinite servers StopPTIMER need not search the list if the list is doubly
Arvalsto | = Service pdfs(y Expired o linked. When SARTTIMER inserts a timer into the ordered
timt?\r prgggl(itl)e O stopped timers list, it can store a pointer to the elementoBTIMER can then
wi

use this pointer to delete the element(xl) time from the
Fig. 2. A G/G/Inf/Inf queuing model of a timer module. Note thdt) is  doubly linked list. This can be used by any timer scheme.
the density function of interval between starting and stopping (or expiration) |t Scheme 2 is implemented by a host processor, the
of a timer. interrupt overhead on every tick can be avoided if there is
hardware support to maintain a single timer. The hardware
The timer that is due to expire at the earliest time is storedtéher is set to expire at the time at which the timer at the head
the head of the list. Subsequent timers are stored in increasirighe list is due to expire. The hardware intercepts all clock

order as shown in Fig. 1. ticks and interrupts the host only when a timer actually expires.
In Fig. 1, the lowest timer is due to expire at absolute timgnfortunately, some processor architectures do not offer this
10 h, 23 min, and 12 s. capability. Algorithms similar to Scheme 2 are used by both

Because the list is sortedeRTICKBOOKKEEPINGneed only VMS and UNIX in implementing their timer modules. The
increment the current time of day, and compare it with thgerformance of the two schemes is summarized in Table II.
head of the list. If they are equal, or the time of day is greater, As for Space, Scheme 1 needs the minimum space possible;
it deletes that list element and callx®RYPROCESSING It Scheme 2 need®(n) extra space for the forward and back
continues to delete elements at the head of the list until theinters between queue elements.
expiry time of the head of the list is strictly less than the time

of day.

STARTTIMER searches the list to find the position to insert IV. SORTING TECHNIQUES AND
the new timer. In the example;TA&RTTIMER will insert a new TIME-FLOW MECHANISMS
timer due to expire at 10:24:01 between the second and third
elements. A. Sorting Algorithms and Priority Queues

The worst-case latency to start a timer is O(n). The averagescheme 2 reducedERTICKBOOKKEEPING latency at the
latency depends on the distribution of timer intervals (frorExpense of BRTTIMER by keeping the timer list sorted.

time started to time stopped), and the distribution of the arrivaynsider the relationship between timer and sorting algorithms
process according to which calls taARTTIMER are made.  gepicted in Fig. 3. However, consider the following.

Interestingly, this can be modeled (Fig. 2) as a single queue,
with infinite servers; this is valid because every timer in the
gueue is essentially decremented (or served) every timer tick.
It is shown in [17], that we can use Little's result to obtain
the average number in the queue; also the distribution of the
remaining time of elements in the timer queue seen by a,
new request is the residual life density of the timer interval
distribution.

If the arrival distribution is Poisson, the list is searched from d hat all “d - LT o
the head, and reads and writes both cost one unit, then th@ ata structure that allows “dynamic” sorting Is a priority

average cost of insertion for negative exponential and uniforf€4e [7]. A_prlonty queue allows elements to .be inserted
timer interval distributions is shown in [17] to be and deleted; it also allows the smallest element in the set to

be found. A timer module can use a priority queue, and do
2 4+ 2/3n — negative exponential PERTICKBOOKKEEPING only on the smallest timer element.
2+ 1/2n — uniform. 1) Scheme 3—Tree-Based Algorithn#s:  linked list
(Scheme 2) is one way of implementing a priority queue. For
Results for other timer interval distributions can be comarge n, tree-based data structures are better. These include
puted using a result in [17]. For a negative exponentiahbalanced binary trees, heaps, post-order and end-order trees,
distribution we can reduce the average costté n/3 by and leftist-trees [7], [26]. They attempt to reduce the latency
searching the list from the rear. In fact, if timers are alwayis Scheme 2 for $RTTIMER from O(n) to Ollog(n)].
inserted at the rear of the list, this search strategy yields Bn[18] it is reported that this difference is significant for
O(1) STARTTIMER latency. This happens, for instance, if allarge n, and that unbalanced binary trees are less expensive
timers intervals have the same value. However, for a genettahn balanced binary trees. Unfortunately, unbalanced binary
distribution of the timer interval, we assume the averageees easily degenerate into a linear list; this can happen, for
latency of insertion iD(n). instance, if a set of equal timer intervals are inserted.

In a typical sort, all elements are input to the module when
the sort begins; the sort ends by outputting all elements in
sorted order. A timer module performs a more dynamic
sort because elements arrive at different times and are
output at different times.

In a timer module, the elements to be “sorted” change
their value over time if we store the interval. This is not
true if we store the absolute time of expiry.
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We will lump these algorithms together as Scheme 3: Element 0
tree-based algorithms. The performance of Scheme 3 is sum- Element 1
marized in Table II. o )
Element i le——_ Current Time
] [
B. Discrete Event Simulation Element] [ List of Timers to
In discrete event simulations [19], all state changes in the * Expire at this time
system take place at discrete points in time. An important part Element N-1
of such simulations are the event-handling routines or time-
flow mechanisms. When an event occurs in a simulation, it Number of Cycles | Overflow List —»

may schedule future events. These events are inserted into
some list of outstanding events. The simulation proceeds By. 4. Timing wheel mechanism used in logic simulation [21].
processing the earliest event, which in turn may schedule

further events. The simulation continues until the event list &Jrrent cycle are removed from the overflow list and inserted
empty or some condition (e.gelock > MaxSimulationTimpe into the array of lists. This is implemented in TEGAS-2

holds. 4[21]
There are two ways to find the earliest event and update array can be conceptually thought of as a timing
the clock.

wheel; every time we step through locations, we rotate
1) The earliest event is immediately retrieved from som@e wheel by incrementing the number of cycles. A problem
data structure (e.g., a priority queue [7]) and the cloGfith this implementation is that as time increases within
jumps to the time of this event. This is embodied iRy cycle and we travel down the array, it becomes more
simulation languages like GPSS [12] and SIMULA [9ljikely that event records will be inserted in the overflow list.
2) In the simulation of digital circuits, it is often sufficientother implementations [15] reduce (but do not completely
to consider event scheduling at time instants that aggoid) this effect by rotating the wheel half-way through the
multiples of the clock interval, say. Then, after the array.
program processes an event, it increments the clockin summary, we note that time flow algorithms used for
variable byc until it finds any outstanding events algjgital simulation can be used to implement timer algorithms;
the current time. It then executes the event(s). Thignversely, timer algorithms can be used to implement time
is embodied in languages for digital simulation likejow mechanisms in simulations. However, there are differ-
TEGAS [21] and DECSIM [15] ences to note_
We have already seen that algorithms used to implement |n digital simulations, most events happen within a short
the first method are applicable for timer algorithms: these jnterval beyond the current time. Since timing wheel

interesting is that algorithms for the second method are also |ist, they do not optimize this case. This is not true for a

applicable. Translated in terms of timers, the second method general-purpose timer facility.

for PERTICKBOOKKEEPING is: “Increment the clock by the . Most simulations ensure that if two events are scheduled
An efficient and widely used method to implement the sec-  grder. Timer modules need not meet this restriction.

ond method is the so-called timing-wheel [21], [24] technique. « stepping through empty buckets on the wheel represents
In this method, the data structure into which timers are inserted gyerhead for a digital simulation. In a timer module,

is an array of lists, with a single overflow list for timers beyond  \ve have to increment the clock anyway on every tick.

the range of the array. Consequently, stepping through empty buckets on a clock
In Fig. 4, time is divided into cycles; each cycle/i units tick does not represent significant extra overhiaitl is

of time. Let the current number of cycles ISe If the current done by the same entity that maintains the current time.

time pointer points to elemerit the current time is5 s+ N +- . « Simulation languages assume that canceling event notices

The event notice corresponding to an event scheduled to arrive js very rare. If this is so, it is sufficient to mark the notice

within the current cycle (e.g., at timg « IV + j, for integer as “canceled” and wait until the event is scheduled; at that

J between 0 andh) is inserted into the list pointed to by  point, the scheduler discards the event. In a timer module,
the jth element of the array. Any event occurring beyond  sropTiMER may be called frequently; such an approach
the current cycle is inserted into the overflow list. Within a  ¢an cause the memory needs to grow unboundedly beyond
cycle, the simulation increments the current time until it finds  the number of timers outstanding at any time.
a_lnonempty list; it then removes and processes all events in th%e will use the timing-wheel method below as a point of
list. If these schgdule futL_Jre events Wlthln_the _current Cydaeparture to describe further timer algorithms.
such events are inserted into the array of lists; if not, the new
events are inserted into the overflow list.

The current time pointer is incremented modwo When
it wraps to 0, the number of cycles is incremented, and theWe describe a simple modification of the timing-wheel
overflow list is checked; any elements due to occur in thagorithm. If we can guarantee that all timers are set for

V. SCHEME 4—BASIC SCHEME
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Element 0 Element 0
Element 1 Element 1
L] L] Y »
L ) N . . .
Element i e Current Time Element 10 '« Current Time
[] L] N .
L[]
- A A L[] L]
Elementi +j B . Iéfti?é Z;Trﬁgstit%e Element 30 | w List of Timers that
¢ e P * ¢ have hashed into this bucket
Element L
MaxInterval -1 Element 256

Fig. 5. Array of lists used by Scheme 4 for timer intervals upaxinterval Fig. 6. Array of lists used by Schemes 5 and 6 for arbitrary-sized timers:

basically a hash table.

periods less thaMaxinterval this modified algorithm takes

O(1) latency for SARTTIMER, STOPTIMER, and also for VI. EXTENSIONS
PERTICKBOOKKEEPING Let the granularity of the timer be 1

unit. The current time is represented in Fig. 5 by a pointer to & Extension 1—Hashing

element in a circular buffer with dimensions [Blaxinterval The previous scheme has an obvious analogy to inserting
- 1. an element in an array using the element value as an index. If

To set a timer ajf units past current time, we index (Fig. 5)there is insufficient memory, we can hash the element value
into Element; + j (mod MaxInterva), and put the timer at the to yield an index.
head of a list of timers that will expire at a timeGurrent Time For example, if the table size is a power of 2, an arbitrary
+7 units. Each tick we increment the current timer pointesize timer can easily be divided by the table size; the remainder
(mod MaxInterva) and check the array element being pointeflow order bits) is added to the current time pointer to yield
to. If the element is 0 (no list of timers waiting to expire)the index within the array. The result of the division (high
no more work is done on that timer tick. But if it is nonzeroprder bits) is stored in a list pointed to by the index.
we do expiry processing on all timers that are stored in thatIn Fig. 6, let the table size be 256 and the timer be a 32-
list. Thus, the latency for BRTTIMER is O(1). The cost of bit timer. The remainder on division is the last 8 bits. Let
PERTICKBOOKKEEPINGiS O(1) except when timers expire, butthe value of the last 8 bits be 20. Then the timer index is 10
this is the best possible. If the timer lists are doubly linkedCurrent Time Pointerj+ 20 (remainder)= 30. The 24 high
and, as before, we store a pointer to each timer record, tHgler bits are then inserted into a list that is pointed to by the
the latency of SOPTIMER is alsoO(1). 30th element. . .

This is basically a timing-wheel scheme where the wheel Other methods of hashing are possible. For example, any
turns one array element every timer unit, as opposed to rotatff§ction that maps a timer value to an array index could be
everyMaxIntervalor MaxInterval2 units [21]. This guarantees used. We will defend our choice at the end of this subsection.

that all timers withinMaxinterval of the current time will €t there are two ways to maintain each list.
be inserted in the array of lists; this is not guaranteed lfyl) Scheme 5—Hash Table With Sorted Listiere  each

conventional timing wheel algorithms [15], [21]. IStSIrS m?'ma'”ed SS 6} or%ered |lStthexgitlg_tas mt'tSchemte
In sorting terms, this is similar to a bucket sort [7] thal" TARTTIMER can be slow because the 22 Dit quantity mus

. . . e inserted into the correct place in the list. Although the

trades off memory for processing. However, since the timers o

change value every time instant, intervals are entered as offee Srst-case latency forRTTIMER is still O(n), the average

! 34 ency can beO(1). This is true if n < TableSize and

from the_ current time pom_ter. I.t Is sufficient if the current tIrm:i"f the hash function (which isTimerValue mod TableSizg
pointer increases every time instant.

. . . distributes timer values uniformly across the table. If so, the
b AkbuckeF sort s”ortt)stelemﬁnts an(éw) time 'usggj\/.;. average size of the list that théh element is inserted into
ouc .e.ts, since all’ buckets ave to be examined. This s, _ 1/TableSizd7]. Sincei < n <TableSizethe average
inefficient for large)M > N. In timer algorithms, NOWEVEr, |yiancy’ of SARTTIMER is O(1). How well this hash actually

the crucial observation is that some entity needs toXd®d) istributes depends on the arrival distribution of timers to this
work per tick to update the current time; it costs only a few,,qule. and the distribution of timer intervals.

more instructions for the same entity to step through an emptyperTick BOOKKEEPING must increment the current time

bucket. What matters, unlike the sort, is not the total amouﬁéinter. If the value stored in the array element being pointed

of work to sortV elements, but the average (and worst-casg) is zero, there is no more work. Otherwise, as in Scheme 2,

part of the work that needs to be done per timer tick. the top of the list is decremented. If the timer at the top of
Still memory is finite: it is difficult to justify 22 words the list expires, EPIRYPROCESSINGis called and the top list

of memory to implement 32 bit timers. One solution iglement is deleted. Once agairERFICKBOOKKEEPING takes

to implement timers within some range using this schen@(1) average and worst-case latency except when multiple

and the allowed memory. Timers greater than this value aimers are due to expire at the same instant, which is the best

implemented using, say, Scheme 2. Alternately, this scheme can do.

can be extended in two ways to allow larger values of the Finally, if each list is doubly linked and18RTTIMER stores

timer interval with modest amounts of memory. a pointer to each timer elementr&TIMER takesO(1) time.
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A pleasing observation is that the scheme reduces to Scheme HOUR MINUTE SECOND
2 if the array size is 1. In terms of sorting, Scheme 5 is similar ARRAY ARRAY ARRAY
to doing a bucket sort on the low order bits, followed by an

insertion sort [7] on the lists pointed to by each bucket. current hour
2) Scheme 6—Hash Table with Unsorted Listfsa worst- pointer = 10
case $ARTTIMER latency of O(n) is unacceptable, we can -
maintain each time list as an unordered list instead of an current minute
ordered list. Thus, BRTTIMER has a worst case and average pointer =24 _ current second
latency of O(1). But the per-tick bookkeeping now takes pointer:g&
longer. Every timer tick, we increment the pointer (mod ‘
TableSizg if there is a list there, we must decrement the high
order hits for every element in the array, exactly as in Scheme = Timer Record with remaining time = 15 minutes
1. However, if the hash table has the property described above, and 15 seconds
then the average size of the list will k§g(1). Fig. 7. Hierarchical set of arrays of lists used by Scheme 7 to “map” time

We can make a stronger statement about the average behwmye efficiently.
ior regardless of how the hash distributes. Notice that every
TableSizeticks we decrement once all timers that are still As an example, consider Fig. 7. Let the current time be 11

living. Thus, forn timers, we do:/TableSizevork on average days, 10 h, 24 min, 30 s. Then to set a timer of 50 min and 45

per t.'Ck' If n <T‘T"b'es'zaher? we doO(1) work on average s, we first calculate the absolute time at which the timer will
per tick. If all » timers hash into the same bucket, then ever

C . : . é/xpire. This is 11 days, 11 h, 15 min, 15 s. Then we insert
TableSizeticks we doO(n) work, but for intermediate ticks the timer into a list beginning 1 (11-10 hrs) element ahead of
we do O(1) work.

Thus, the hash distribution in Scheme 6 only controfge current hour pointer in the hour array. We also store the

the variance of the latency ofERTICKBOOKKEEPING and femainder (15 min and 15 s) in this location. We show this in

not the average latency. Since the worst-case latency ::ég Z)’(é?nnpﬁgng the day array which does not change during

PERTICKBOOKKEEPING is alwaysO(n) (all timers expire at Th q K I time the hard
the same time), we believe that the choice of hash function for € Seconds array Works as usual. every time e hardware

Scheme 6 is insignificant. Obtaining the remainder after divi((.f10Ck ticks, we increment the second pointer. If the list pointed

ing by a power of 2 is cheap, and consequently recommend&iby 'Fhe element is nonempty, we process all elements in the

Further, using an arbitrary hash function to map a timer valllgt using B(P'RYPROCESS'NG However, the other three arrays

into an array index would requireeRTICKBOOKKEEPING to  WOTK slightly differently.

compute the hash on each timer tick, which would make it EVeNn if there are no timers requested by the user of the

more expensive. service, there will always be a 60-s timer that is used to update

We discuss implementation strategies for Scheme 6 i€ Minute array, a 60-min timer to update the hour array, and

Appendix A. a 24-h timer to update the day array. For instance, every time
the 60-s timer expires, we will increment the current minute
timer, do any required expiry processing for the minute timers,

_ N ) and reinsert another 60-s timer.

B. Extension 2—Exploiting Hierarchy Returning to the example, if the timer is not stopped,
The last extension of the basic scheme exploits the concepentually the hour timer will reach 11. When the hour timer
of hierarchy. To represent the number 1 000 000 we need ondaches 11, the list is examined. The expiry processing routine
seven digits instead of 1000000 because we represent nuvill insert the remainder of the seconds (15) in the minute
bers hierarchically in units of 1's, 10’s, 100’s etc. Similarlyarray, 15 elements after the current minute pointer (0). Of
to represent all possible timer values within a 32-bit range, weurse, if the minutes remaining were zero, we could go
do not need a* element array. Instead we can use a numbdirectly to the second array. At this point, the table will look

of arrays, each of different granularity. For instance, we caike Fig. 8.

use four arrays as follows: Eventually, the minute array will reach the 15th element; as

» a 100-element array in which each element representpart of EXPIRYPROCESSING we will move the timer into the
day; second array 15 s after the current value. Fifteen seconds later,

* a 24-element array in which each element represents the timer will actually expire, at which point the user-specified
hour; EXPIRYPROCESSINGIs performed.

* a 60-element array in which each element represents avhat are the performance parameters of this scheme?
minute; STARTTIMER: Depending on the algorithm, we may need

* a 60-element array in which each element represents)@n) time, wheren is the number of arrays in the hierarchy, to
second. find the right table to insert the timer and to find the remaining

Thus, instead 0100 * 24 * 60 = 60 = 8.64 million locations time. A small number of levels should be sufficient to cover
to store timers up to 100 days, we need only 49@4 + 60 the timer range with an allowable amount of memory; thus
+ 60 = 244 locations. should be small (say2 < m < 5).
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HOUR MINUTE SECOND modes: one for hour timers, one for minute timers, etc. This
ARRAY ARRAY ARRAY reduces PRTICKBOOKKEEPING overhead further at the cost
of a loss in precision of up to 50% (e.g., a 1-min and 30-s
timer that is rounded to 1 min). Alternately, we can improve
the precision by allowing just one migration between adjacent
lists.

Scheme 7 has an obvious analogy to a radix sort [7]. We
discuss implementation strategies for Scheme 7 in Appendix
A.

curl "?m L"B”“t_e_ current second
pointer = pointer =0 —»

current hour
pointer = 11
—

Element 15

v
Timer Record with remaining time = 15 seconds VII. UNIX | MPLEMENTATION

) i ) A, Costello of Washington University has implemented
Fig. 8. The previous example, after the hour component of the timer expir . .
(using Scheme 7). [981 a new version of the BSD UNIX callout and timer
facilities. Current BSD kernels take time proportional to the
number of outstanding timers to set or cancel timers. The new
0 i doublv linked implementation, which is based on Scheme 6, takes constant
all lists are doubly linked. time to start, stop, and maintain timers; this leads to a highly

PERT'CKB.OOKKEEP'.NG It is useful to compare this to thescalable design that can support thousands of outstanding
corresponding value in Scheme 6. Both have the same avergge, .« \vithout much overhead

Iaten::y tOf Of(l) folr s_t:fhuent(;yﬁ Iarg? z'\a/lrray SIzes liu.th':e In the existing BSD implementation, each callout is repre-
constants ot complexity are ditterent. vioré precisely. sented by ecallout  structure containing a pointer to the

be the average timer interval (from start to stop or expiry); Iet .0 "0 e called _func ), a pointer to the function’s
M be the total amount of array elements available; anarlet argument ¢_arg ), and a time ¢ time ) expressed in units

be the total number ofllevels in the hierarchy. . of clock ticks. Outstanding callouts are kept in a linked list,

. The_total work done in Scheme 6 for such an average S'Z&Sirted by their expiration times. Tleetime member of each

tmer Is callout structure is differential, not absolute—the first callout
c(6) * T/M in the list stores the number of ticks from now until expiration,

and each subsequent callout in the list stores the number of

wherec(6) is a constant denoting the cost of decrementing thgks between its own expiration and the expiration of its
high order bits, indexing, etc., in Scheme 6. If a timer livegredecessor.

STOPTIMER: Once again, this can be done (1) time if

for 7" units of time, it will be decremented/M times. In BSD UNIX, Callouts are set and canceled using routines
And in Scheme 7 it is bounded from above by called timeout() and untimeout() , respectively.
o(7) xm The routine timeout(func, arg, time) registers
func(arg) to be called at the specified timentime-
wherec(7) represents the cost of finding the next list to migrateut(func,  arg) cancels the callout with matching
to, and the cost of migration, in Schemer;is the maximum function and argument. Because thalltodo  list must
number of lists to migrate between. be searched linearly, both operations take time proportional to
The average cost per unit time for an average:dfimers the number of outstanding callouts. Interrupts are locked out
then becomes for the duration of the search.
nxc(6)/M — Scheme The Costello implementation is based on Scheme 6 de-

scribed above. Unfortunately, the existitigieout() inter-
face in BSD does not allow the passing of handles, which was
The choice between Scheme 6 and Scheme 7 will depamgkd in all our schemes to quickly cancel a timer. The Costello
on the parameters above. Sine@) and ¢(7) will not be implementation used two solutions to this problem. For calls
drastically different, for small values df and large values using the existing interface, a search for a callout given a
of M, Scheme 6 can be better than Scheme 7 for bdilmnction pointer and argument is done using a hash table. A
STARTTIMER and RERTICKBOOKKEEPING. However, for large second solution was also implemented: a new interface func-

n*c(7)*m/T — Scheme.

values of 7" and small values of\/, Scheme 7 will have a tion was defined for removing a callouir(setcallout() )
better average cost (latency) foERTICKBOOKKEEPING but a that takes a handle as its only argument. This allows existing
greater cost for ®RTTIMER latency. code to use the old interface and new applications to use the

W. Nichols has pointed out that if the timer precision imew interface. The performance difference between these two
allowed to decrease with increasing levels in the hierarchgpproaches appears to be slight, so the hash table approach
then we need not migrate timers between levels. For instanappears to be preferable.
in the example above, we would round off to the nearest hourln the new implementation, the timer routines are guaranteed
and only set the timer in hours. When the hour timer goes off) lock out interrupts only for a small, bounded amount of time.
we do the user-specifiedkBIRYPROCESSINGwithout migrating The new implementation also extends tketitimer()
to the minute array. Essentially, we now have different timénterface to allow a process to have multiple outstanding
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Fig. 9. Real-time performance comparison of BSD UNIX callout implementations. Note that the new callout implementations using timing wheels take
constant time. By contrast, the traditional BSD implementation takes time that increases linearly with the number of outstanding callouts.

timers, thereby reducing the need for users to maintain their VIIl. L ATER WORK
own timer packages. The changes to the BSD kernel are smal paliminary version of the work described in this paper

(548 lines of code added, 80 removed) and are available @ first described in [25]. Since then, a number of systems
the World Wide Web. The details of this new implementatiofaye pyilt timer implementations based on this approach, and

are described elsewhere [8]; the written report contains seve§al e have been a few extensions of the basic approach.
important implementation details that are not described here. 1) Systems that Use Timing Whee&ome well-known net-

work protocol implementations have used the timing wheel
A. Performance ideas described in this paper. These include the fast TCP

The performance of Scheme 6 was tested (using the Costéiplémentation in [6] and the X-kernel timer facility [1]. The
implementation). The tests took advantage of the new intficient user level protocol implementation in [23] mentions
face extensions that allow a single process to have multigl® Possible use of timing wheels but did not do an implemen-
outstanding callouts. We quote the following results from [gfation. We also know of commercial networking products that

Three kernels were tested on a Sun 4/360. The first kert§€ timing wheels as part of their operating system. These
used theimeout()  interface to the old callout facility. The include DEC’s Gigaswitch [20] and Siemens’ CHANNELS
second kernel used the existing interface but used the nB{f time system [2]. _ _
callout facility (and a hash table). The last kernel used the2) Timing Wheel ExtensionsBrown [5] extended the idea
new setcallout() interface (which allows handles) to the®f hashed timing wheels to what he calls calendar quémm
new callout facility. major difference is that calendar queue implementations also

In each test, one process created a number of outstandﬂ%mdic?‘”y resize the wheel in order to _reduce th_e oyer’head
timers set for random times far in the future, causing a numib&iStepping through empty buckets. For timer applications, the
of outstanding callouts. It then created one more timer, afPck time must be incremented on every clock tick anyway;
repeatedly set it for a random time farther in the futur1us adding afew instructions to step through empty buckets is
than the others, causing repeated callsntmeout() and hot significant. Davison [10] de§cr|bes a timer implementation
timeout()  (or unsetcallout() and setcallout() . for the IBM VM/XA _SPl_ operating system ba_sed on calenc_iar
depending on which kernel was being used). The resuff§eéues. The empirical improvement in per tick bookkeeping
(Fig. 9) show that the time for the original callout facility(due to resizing the wheel periodically) does not appear to
increases linearly with the number of outstanding calloutyarrant the extra complexity of resizing.
whereas the time for the replacement callout facility is constant
with respect to the number of outstanding callouts, for both
the old interface (using hashing) and the new interface (using
nancles). The new nterace perorms very sighly beter et g e s o ey e v
and provides guaranteed constant time operations, but BB e = o e O o B o i whosls.
old interface is needed for compatibility with the rest of the °The in?provement is not worst-case antgiJ is only demonstrated empirically
kernel. for certain benchmarks.
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IX. AN ALGORITHMIC VIEW to standard priority queue implementations like heaps [7].
From an algorithmic point of view, a timing wheel is justHowever, the constants appear to be better for Scheme 7.

a priority queue [7]. It appears to be just an application
of bucket sorting techniques to priority queues. However,
bucket sorting cannot be used efficiently &t priority queue
implementations. Timing wheels work efficiently only for ) ] ) _
priority queue applications that satisfy the following bounded !N this paper, we have examined the relationship between
monotonicity property: any elements inserted into the priori§Prting algorithms, time flow mechanisms in discrete event
queue are withirMax of the last minimum extracted. Simulations, and timer algorithms. We have extended the
If this condition is satisfied and the inserted values are &iNing wheel mechanism used in logic simulation to yield 3
integers, then we can implement the priority queue using“H‘er al_gonthms (_Schemes 5_—7) Fh_at hav_e constant Compl_exny
circular array of sizéax New elements are inserted into thd©" S€tting, stopping, and maintaining a timer. The extensions
circular array based on the difference between their value dfgiUde rotating the timing wheel every clock tick, having

the current minimum element. A pointer is kept to the laSEParate overflow lists per bucket, and using a hierarchical
minimum extracted. To find the new minimum at any poinEEt of timing wheels (Scheme 7): the extensions are necessary

we simply advance the pointer till an array location is foun ecause the reqwrements of a scheduler in a logic simulation
ﬁpd those of a general timer module are different.

that contains a valid element. This is exactly what is done In choosing bet h beli that Sch 1i
Scheme 4, wher#lax corresponds tdaxInterval N choosing between schemes, we believe hat scheme 1S
gpproprlate in some cases because of its simplicity, limited use

X. SUMMARY AND CONCLUSIONS

It is easy to see what goes wrong if the monotonicit . : c P
y 9 9 { memory, and speed in starting and stopping timers. Scheme

condition is not satisfied. If we can insert an element th is useful in a host that has hardware to maintain the clock
is smaller than the last minimum extracted, then we cannot ) . ) . .
. ) o i ._and a single timer. Although it tak&3(n) time to start a timer,

advance the pointer to find the new minimum value; the pointer . ) .
e host is not interrupted every clock tick.

may have to backtrack, leading to a potential search of t €in a host without hardware support for timers, we believe

entire array. . !
. - . chemes 2 and 3 are inappropriate because of the cost of
Even with the monotonicity condition, the wheel approac .
o . ; . ARTTIMER when there are a large number of outstanding
to priority queues still requires stepping through empty buck-

ts H the nice thi bout ti licati is th mers. Clearly, this is not uncommon in hosts that have a
€1s. However, the nice thing about imer applicalions 1S Mgy yificant amount of real-time activity or have several open
many systems must maintain the time of day anyway, a

. . a8mmunication links.
thus the cost of stepping through empty buckets is arnor'['ZEdSCheme 4 is useful when most timers are within a small

over the existing cost of incrementing the time-of-day CIOleange of the current time. For example, it could be used

This example illustrates how an algorithm, that may haveb% a networking module that is maintaining its own timers.
poor algorithmic complexity when considered in isolation, C8§heme 5 depends too much on the hash distribution (for a
be very efficient when considered as part of a system, whesgy qarrTivER) to be generally useful. However, a variant
parts of the algorithms cost can be charged to other systgfynis scheme has been implemented in the X-kernel [1].
components. o o o For a general timer module, similar to the operating system
The bounded monotonicity condition is satisfied by othgkgilities found in UNIX or VMS, that is expected to work
algorithmic applications. For example, for graphs with integgye|| in a variety of environments, we recommend Scheme 6
edge weights, the Dijkstra algorithm for shortest paths apgl 7 The UNIX results described in this paper are encouraging,
Prim’s algorithm for minimum spanning trees [7] both satisfyng show that it is possible to support thousands of outstanding
the monotonicity condition wittMax equal to the maximum tjmers at low overhead using Scheme 6.
edge weight. While it has been observed before [7] that thesqf the amount of memory required for an efficient implemen-
two algorithms can benefit from bucket sorting using a linegstion of Scheme 6 is a problem, Scheme 7 can be pressed into
array, the required size of the linear array was supposed todegvice. Scheme 7, however, will need a few more instructions
the equal to the cost of the largest shortest cost path betw@esrarTTIMER to find the correct table to insert the timer.
any two nodes. Our observation shows that a circular arrayBoth Schemes 6 and 7 can be completely or partially (see
of size equal to the maximum edge weight suffices. Whilgppendix A) implemented in hardware using some auxiliary
this is a mild observation, it does reduce the memory neesiemory to store the data structures. If a host had such
of networking implementations that use Dijkstra’s algorithmardware support, the host software would négd) time
and integer edge weights [13]. To the best of our knowledge, start and stop a timer and would not need to be interrupted
the bounded monotonicity condition has not been describedery clock tick.
before in the literature. Finally, we note that designers and implementers have
The efficiency of the hashed wheel solution (Scheme &fsumed that protocols that use a large number of timers are
for larger timer values is based on bounding the number etpensive and perform poorly. This is an artifact of existing
timers and doing an amortized analysis. This does not appeaplementations and operating system facilities. Given that a
to have any direct correspondence with bucket sorting. Thleege number of timers can be implemented efficiently, we
hierarchical scheme (Scheme 7) uses essentially logarithrhape this will no longer be an issue in the design of protocols
time to insert an element; thus it is comparable in complexifgr distributed systems.
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APPENDIX A ACKNOWLEDGMENT

HARDWARE ASSIST B. Spinney suggested extending Scheme 4 to Scheme 5.

Since the cost of handling clock interrupts becomes moke Wilkinson independently thought of exploiting hierarchy
significant for fine granularity (e.g., microseconds) timers, ibh maintaining timer lists. J. Forecast helped the authors
may be necessary to employ special-purpose hardware asgigplement an early version of Scheme 6. A. Black commented
In the extreme, we can use a timer chip which maintains all ta an earlier version and helped improve the presentation. A.
data structures (say in Scheme 6) and interrupts host softwBtack, B. Spinney, H. Wilkinson, S. Glaser, W. Nichols, P.

only when a timer expires.

Koning, A. Kirby, M. Kempf, and C. Kaufman (all at DEC)
Another possibility is a chip (actually just a counter) thatvere a pleasure to discuss these schemes with. The authors are

steps through the timer arrays, and interrupts the host onlyifateful to E. Cooper, M. Bjorkman, C. Thekath, V. Seidel,
there is work to be done. When the host inserts a timer into Bn Souza, and A. Costello for giving information about their
empty queue pointed to by array eleméxt it tells the chip implementations.

about this new queue. The chip then marksas “busy.” As
before, the chip scans through the timer arrays every clock tick.
During its scan, when the chip encounters a “busy” location, it

interrupts the host and gives the host the address of the queue

that needs to be worked on. Similarly when the host deleteg]
a timer entry from some queue and leaves behind an emp@]
gueue it needs to inform the chip that the corresponding arrgy;
location is no longer “busy.”

Note that the synchronization overhead is minimal becauséd
the host can keep the actual timer queues in its memory which
the chip need not access, and the chip can keep the timirg
arrays in its memory, which the host need not access. The
only communication between the host and chip is throughs]
interrupts.

In Scheme 6, the host is interrupted an averagd 6%/
times per timer interval, wher# is the average timer interval
and M is the number of array elements. In Scheme 7, thé®
host is interrupted at most times, wherem is the number
of levels in the hierarchy. I’ and m are small andM is [
large, the interrupt overhead for such an implementation can
be made negligible. [10]

Finally, we note that conventional hardware timer chips u?el]
Scheme 1 to maintain a small nhumber of timers. However, |Jf

(7]
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