Optimistic T race-driv en Sim ulation

�

Xiaohan Qin and Jean-Loup Baer

Department of Computer Science and Engineering, FR-35

University of W ashington

Seattle, W a, 98195

Octob er 14, 1994

Abstract

Parallel simulation of multipro cessor architectures is a promising direction b ecause

a parallel system provides the high computation and storage capabilities that are re-

quired by detailed architectural simulation. Additionally

, the b ehavior of the target

system exhibits natural parallelism. In this pap er, we consider the ev aluation of the

memory hierarchy of multipro cessor systems via parallel trace-driven simulation. W e

present a Time W arp-like parallel trace-driven simulation algorithm and data struc-

tures. The overhead comp onents of the optimistic algorithm as well as a numb er of

optimization strategies are discusse d. The p erformance of the optimistic parallel simu-

lator as implemented on a KSR-2 is rep orted. Our results show that signi�cant sp eedup

can b e achieved for applications which have go o d data lo cality

. As the amount of shared

reference s misses increases, the frequent communication and synchronization overhead

inherent in the applications limits also the sp eedup of the parallel trace-driven simula-

tion.

�

This work was supp orted by the National Science F oundation under Grants CCR-91-23308 and CCR

94-01689

1 In tro duction

The amount of computational cycles needed to simulate the p erformance of parallel ar-

chitectures is extremely imp ortant. T echniques to improve the sp eed of the simulation

should b e investigated and, in particular, the simulation should take place on parallel sys-

tems. The rationale for the parallel simulation of parallel architectures is twofold: Firstly ,

detailed simulation of architectural features, either through a trace-driven or an execution-

driven metho d, is a very time and space consuming task. Parallel systems provide higher

computation and storage capabilities. Secondly

, the functioning of the target system ex-

hibits natural parallelism: instructions from distinct simulated pro cessors may b e issued

and carried out indep endently and concurrently

. In this pap er, we consider the ev aluation

of the memory hierarchy of multipro cessor systems via parallel trace-driven simulation.

T race-driven simulation is used very often to simulate the e�ects of v arious cache coher-

ence proto cols, cache con�gurations and organizations, and can also take into account the

network top ology and its parameters [5].

Parallel simulation metho ds can b e broadly classi�ed into two categories [8]: conserv ative

metho ds and optimistic metho ds. A fundamental di�erence b etween the two approaches is

that in a conserv ative simulation, correct computation is guaranteed at an arbitrary p oint of

the simulation, while in an optimistic simulation sp eculative errors may o ccur, but they will

b e corrected b efore the simulation completes. Chandy-Misra-Bryant metho ds [6, 4] are the

b est-known conserv ative metho ds. In this mo de, a pro cess needs to frequently synchronize

and exchange \time" information with other pro cesses in order to decide whether it is safe to

execute the next event in its input queue. If there is no safe event in the queue, the pro cess is

blo cked. Deadlo ck happ ens when all the pro cesses are blo cked. In an implementation with

deadlo ck avoidance this will o ccur only at the end of the simulation. Other implementations

favor a detection and recovery scheme. The b est-known optimistic metho d is Time W arp

[9]. Pro cesses in the optimistic simulation maintain and adv ance indep endently their own

simulated (virtual) time. Pro cesses communicate through timestamp ed messages. When a

pro cess receives a message anterior to its own (virtual) time that would have a�ected its

state, it rolls back to the time of the message and reexecutes its simulation from thereon.

In [1], we have exp erimentally studied a conserv ative parallel trace-driven simulation

algorithm prop osed by Lin et al [12]. Each simulation pro cess (pro cessor and cache simu-

lator) receives as input a trace consisting of the priv ate and shared references of a physical

pro cess. The basic idea of the algorithm is to prepro cess these input traces by inserting,

for each of them, their shared references into all the other trace �les. Thus all the p o-

tential communication p oints are identi�ed b efore a simulation starts. Synchronization is

p erformed e�ciently at the cost of extra inserted references. As a result of the study we

found out that parallel trace-driven simulation of multipro cessor cache memory systems is

viable and can lead to signi�cant sp eedups. However the insertion approach forces every

pro cess in the simulation to \execute" all the shared references in the application, those

that are germane to the pro cess b ecause they involve cache coherency activities, as well as

those that have no relev ance on the cache simulator at that p oint in time. The sp eedup of

the algorithm is therefore b ounded by the p ortion of the shared references.

A parallel simulation based on Time W arp simulation may p erform b etter than a con-

serv ative one in situations where the correctness of the simulation results do es not require discrete events to b e strongly ordered. The trace-driven simulation of reference strings in

multipro cessor cache systems falls into this category since the states of the cache lines of

a given cache are indep endent of each other. However, to our knowledge, no exp erimental

study of optimistic parallel trace-driven simulation has b een conducted so far. In this pap er,

we describ e the design and implementation of such a metho d and we rep ort the results of

p erformance ev aluations that show that signi�cant sp eedup s can b e obtained.

The rest of the pap er is organized as follows. In Section 2, we describ e how Time

W arp can b e applied to trace-driven simulation. Section 3 gives and explains the core data

structures and the simulation algorithm. W e discuss optimization considerations in Section

4. In Section 5, we present the p erformance results of the optimistic trace-driven simulation

that were achieved on a KSR-2 system. Finally

, conclusions are given in Section 6.

2 Optimistic P arallel T race-driv en Sim ulation

The target system of the parallel simulation is a shared memory system in which each

pro cessor has a priv ate cache memory

. Pro cessors are connected to each other and to global

memory via an interconnection network. W e fo cus our attention on sno opy shared-bus

systems although the simulation techniques describ ed in this pap er can b e easily adapted

to systems that are directory-based and use other typ es of interconnection network. The

input to the simulation, as in [1], is multipro cessor traces { a set of memory address trace

�les. In the multipro cessor traces, memory references can b e divided into two typ es: priv ate

references and shared references with only the shared references having p otential e�ects on

the status of other pro cessors’ caches. Since in this study our main interest is in the

feasibilit y and the p erformance of the metho d, we restrict ourselves to computing the hit

ratio of each cache as the result of the simulation.

When applying the Time W arp paradigm to trace-driven simulation, we use the natural

mapping of one physical pro cessor and its cache to one logic pro cess. F or a given logical

pro cess, there are two typ es of events: lo cal events (pro cessing of priv ate references and

of shared references that hit in the cache) and messages. A pro cess creates and sends a

message when it encounters a shared reference cache miss or when it needs to reply to

another pro cess’ inquiry

. These messages simulate the interactions dictated by a given

cache coherence proto col.

The sp eci�c cache coherency proto col governs the typ es of the messages that are gen-

erated. F or example, consider simulating the Berkeley proto col [3]. When a pro cess C

i

encounters a shared write miss at time t it will generate a message of typ e Invalidation

and timestamp t, and broadcast it to all the other pro cesses so that the latter can take

appropriate action. C

i can continue its simulation while the message is broadcast. On the

other hand, if a receiving pro cess C

j was ahead of C

i

(i.e., C

j

’s simulation time was larger

than t), a rollback might b e needed. In the case of the Fire y proto col [3], a message of

typ e R e quest would b e broadcast and C

i could not pro ceed until some (at worst all) other

pro cesses resp ond. Note that some pro cess C

j

, ahead of C

i

, might need to construct, from

its log, the state of the cache line in request; but no rollback is necessary in this situation.

In order to test the viabilit y of optimistic parallel trace-driven simulation, we have lo oked

at three cache coherence proto cols: Berkeley

, Illinois, and Fire y [3]. They are interesting

b ecause they v ary in the typ e and the amount of communication involved in the target

Proto col Shared read miss Shared write miss On request message

Berkeley ReadMiss Inv alidation {

Illinois Request Inv alidation Reply

Fire y Request Request Reply

T able 1: Messages used for three cache coherency proto cols

Messages Semantics

Inv alidation inv alidate a cache line

ReadMiss inform of a read miss on simulating a shared reference

Request request the state of a cache line

Reply supply the state of the cache line requested

W aiting a fast pro cess noti�es the slowest one that it is stalled and waiting

CatchUp the slower pro cess rep orts to the faster pro cess that it has caught up

T able 2: Semantics of the messages

system and henceforth in the p erformance of parallel simulation. T able 1 lists the messages

and the conditions under which the messages will b e generated for the three proto cols.

T able 2 gives the semantics of these messages. Among the six messages, the �rst three

are broadcast-based while the others are p oint-to-p oint. The �rst four are required for the

correctness of the simulation. The last two messages are used for memory management.

They will b e discussed in Section 4.

The basic idea in our adaptation of Time W arp to trace driven simulation is that each

pro cess merges its input trace, or memory reference stream, and its incoming message stream

on the y and execute them in timestamp order. Pro cesses forge ahead, synchronizing with

(a subset of ) other pro cesses only when the references or the messages require to do so.

As indicated ab ove, it is p ossible that a pro cess receives a message with a timestamp

smaller than that of some of the events that it has already executed. In such a case, a

test is needed to see if rollback is necessary

. Rollback calls for recovery of the state vector

and of the simulation environment, sending anti-messages to cancel incorrect messages sent

earlier, and pro cessing anew of the events that had b een pro cessed prematurely . T o supp ort

rollback and carry on the simulation thereafter, pro cesses need to save the state vector, all

the simulation events (memory references and incoming messages), as well as the outgoing

messages they have generated. Therefore, we are confronted with two ma jor causes of

overhead: (1) the overhead of saving states, simulation events and outgoing messages, and

(2) the overhead of rollback.

The state vector of a cache simulation pro cess consists of the virtual timestamp, the

states of the cache lines, and the numb er of hits and misses up to the simulated time as

well as p ossibly other statistics if, for example, we wanted to compute separately hit ratios

for priv ate and shared references. Not only is the state vector very large but it also changes with every memory reference executed. It is of course ine�cient and unnecessary to save

the whole image of the state vector all the time. With a current complete state vector and

a log of all the changes made b efore, we can reconstruct the state vector at any time in

the past. While saving all the past simulation events (references and incoming messages)

and outgoing messages is necessary

, there is a trade-o� b etween saving the state vector at

each state change and saving it only at imp ortant events, say at a cache miss. Logging

for every single change is to o exp ensive: the log has to b e maintained and searching for

p otential rollback is more costly when more states have b een saved. Alternatively

, saving

state infrequently will increase the rollback distance, and hence the cost of repro cessing,

since pro cesses can only rollback to p oints where log entries exist for reconstructing the

state vector. The logging interv al is an imp ortant tuning parameter of the simulation. W e

will discuss in Section 4 how to �nd a go o d compromise.

Rollback overhead consists of three comp onents: (1) rollback testing, (2) recovering the

state vector and the simulation environment, and (3) re-executing the events that have b een

undone. Rollback testing could b e as simple as just comparing a message’s timestamp t

m

against a pro cess’ current virtual time t

C

i

. If t

m

< t

C

i

, i.e., a late message has o ccurred,

rollback is initiated from t

m on. A more comprehensive testing checks whether the state

could b e changed by the late message in the interv al [t

m

; t

C

i

]. If the answer is p ositive,

a rollback is initiated. Otherwise the late message is ignored. While a simple rollback

testing scheme will invoke more rollbacks, the extra time (restructing the state of a given

line and testing the impact of the late message on it) sp ent on a comprehensive rollback

testing scheme is b ene�cial only when it prevents rollbacks to o ccur and is redundant in

the case of a necessary rollback. In the simple testing case, the cost of making a wrong

(conserv ative) decision is the sum of the costs, governed by the rollback distance, of the

second and the third comp onents de�ned ab ove. In the comprehensive testing case, the

overhead is amortized over messages that p otentially cause rollbacks, i.e., late messages.

Like in the case of logging state, cho osing the right strategy for rollback testing is again a

compromise. Note that if the rollback testing is accurate, the amount of events re-executed

re ects the inherent synchronization overhead incurred in the parallel simulation. Without

the sp eculative computation, the pro cess would have had to wait until the critical events

arrive b efore any subsequent events could b e executed.

W e close this Section by brie y contrasting the conserv ative approach to trace-driven

simulation with the optimistic one. Conserv ative metho ds always carry the overhead of

synchronization to make certain that causality constraints [8] are satis�ed. Only correct

states are generated during the simulation. The conserv ative simulation insists on a total

time order in which events are simulated. In the case of a cache simulation, only partial

orders are required. F or example, supp ose that there are two messages arriving for one

pro cess, and they carry coherency messages for two di�erent cache lines. Then the order

in which the two messages are pro cessed do es not impact the simulation results. The

optimistic simulation paradigm can take adv antage of this weak ordering constraint. On

the other hand, the conserv ative simulation do es not carry the overheads of state saving and

rollback. A qualitative and quantitative comparison of the two approaches can b e found in

a companion pap er [2].

STATE

ENVIRONMENT

EVENTS

Cache State Accounting

Data OMQ TB IMQ NMQ

LS

NextInMsg

NextRef

Top

NextOutMsg

NMQ: New Message Queue

IMQ: Incoming Message Queue

OMQ: Outgoing Message Queue

TB: Trace Buffer

LS: Log Stack

NextInMsg: the Next Incoming Message

NextOutMsg: the Next Outgoing Message

NextRef: the Next Memory Reference

Figure 1: Data structures of a logic pro 3 Data Structures and Figure 1 shows the jor comp onents of a logic pro cess in the optimistic trace-drivsimulation. Viewed from a high level, each pro cess consists of three parts: (1) the currenstate vector, (2) the events to simulate, and (3) the supp orting data structures such as new message queue, the outgoing message queue, the log stack , and their current p oine.g., ef, NextInMsg, NextOutMsg, The current state vector includes the pro cess virtual time, the representation of the cacwith the addresses and states of the lines that are currently cached, statistics on hits misses, and current p ointers to the asso ciated data structures. The events to simulate memory references from the input trace (only a \current" p ortion of it is loaded in and incoming messages from the incoming message queue (IMQ). IMQ is used to \current correct" messages, that is all the p ositive messages (pro cessed and unpro that have b een received and have not b een canceled (p ositive here means messages that not anti-messages).Messages in the IMQ are sorted in ascending timestamp order. Eacpro cess keeps a p ointer NextInMsg to the message b eing or to b e simulated Similarl, the outgoing message queue (OMQ) is used to store all the p ositive b eing sent out. Like IMQ, OMQ is sorted in timestamp order. NextOutMsg is a p ointer the message b eing or to b e sent out next. When a pro cess is in normal forward this p ointer will p oint to the next \null" en. However, it might p oint to an entry in queue when the pro cess is re-executing b ecause of a rollback. The structure of OMQ designed so as to incorp orate lazy cancellation into the optimistic simulation (cf. b elow this 6

Another imp ortant data structure supp orting the rollback mechanism is the log stac(LS). It is used to incrementally save the changes o ccurred to the state vector including timestamps up on which changes were made. Every change resulting in the mo di�cation a cache line state is logged whenever it happ ens. Changes on the simulation accoundata, however, are accumulated and saved only when the cache state is up dated. When rollback is required, the pro cess p ops entries from the log stack and reconstructs the vector of an earlier time based on the recorded cThere are two basic mechanisms that can b e used to inform a pro cess of new interrupt and p olling. Since in optimistic simulation, pro cesses do not need to busy wfor sp eci�c events to happ en, p olling, which is easier and cheap er to implement in application than interrupts, will b e our choice. o that e�ect, the new message (NMQ) is used to store incoming messages. That is, when pro cess C

generates a for pro cess C

, C

will copy the message into C

’s NMQ. If the message is p ositive, it also enter pro cess C

’s OMQ in case of a rollback of C

. Every pro cess p olls its new queue p erio . When the al of new messages is detected, these messages are moved from NMQ to a temp orary message queue (TMQ) where they are sorted in timestamp order. Then p ositive messages are merged into IMQ while anti-messages are to cancel their p ositive counterparts in IMQ. Finally the messages in the sorted TMQ examined, in order, to see whether any of them will initiate a rollbacNote that in Figure 1 there is no data structure asso ciated with anti-messages. tically b oth IMQ and OMQ are used to store \currently correct", or p ositive, messages are exp ected to b e re-executed or re-generated when a pro cess is rolled back. Andi�er from p ositive messages in the sense that they are created only to delete other inal messages. Therefore when anti-messages are received, they are not inserted into IMQ. Anti-messages are only used for searching through the IMQ to �nd their p ositivcounterparts and cancel them. When a pro cess needs to send out an anti-message, it do not store the message in its OMQ either. Instead, the pro cess removes the corresp p ositive counterpart of the anti-message from OMQ b efore sending the anti-message. this manner, a message will not b e canceled tWhen a pro cess examines its TMQ, it tests whether any of the new messages will rollback. If a rollback is in order, the pro cess will recover the simulation state vector reset the simulation environment, i.e., reset N extI nM sg , N extO utM sg , N extRef , Also the pro cess may need to send out anti-messages to annihilate the e�ect of messages. There are two metho ds for canceling previous messages in a Time arp-liksystem. One is aggressive cancellation whereby anti-messages are sent immediately a rollback is asserted. The other is lazy cancellation whereby anti-messages will not b sent until the pro cess re-executes the events and �nds that some of the messages that havb een sent b efore should not have b een sent. Lazy cancellation in some cases can the numb er of anti-messages and p ositive messages. On the other hand, p ostp oning anmessages may allow erroneous computations of other pro cesses to spread further than would under aggressive cancellation. Reiher et al [14] have compared the two strategies and found that realistic applications p erform reasonably well using either but somewhat b etter with lazy cancellation. An imp ortant argument for lazy cancellation our context is that the states of cache lines are indep enden t of each other. There is a high probability that even when some events are executed out of order, the in7 simulation results are still (partially)correct. Another argument for lazy cancellation that it is esp ecially desirable in simulations where state logging is done infrequen. therefore chose that metho d and implemented it in our algorithm as followIf the simulation calls for an outgoing message to b e generated, this message will b compared with an existing message (p ointed to by NextOutMsg, if any) sent during previous execution. If there is a match, the outgoing message is not sent again. it is sent immediately and inserted into the OMQ. After the second (or more any execution but the �rst) execution completes, it must cancel, with anti-messages, messages that were sent during the �rst (previous) execution but not during the (current). The cancellation is in fact p erformed on the y by comparing the timestamps the outgoing message b eing sent and those in rom the description ab ove, it is clear that one characteristic of the algorithm is a pro cess do es not rememb er whether it is executing the events for the �rst time or it re-executing the events due to rollback. The antage of this memoryless prop erty is it simpli�es the implementation. Execution and re-execution of an event can b e treated the same wa. In either case, the p ointer NextInMsg may b e in the middle or at the end IMQ. The p ointer NextOutMsg, on the other hand, may provide us with a hint (if e.g., for debugging purp oses) on whether a pro cess is in rollback or not. If a pro cess p erforming normal forward simulation, its NextOutMsg should b e p ointing to the end OMQ. If a NextOutMsg is in the middle of OMQ, we know that its pro cess must have b rolled back. Figure 2 sketches the optimistic trace-driven simulation algorit4 Optimization 4.1 Minimizing kRollback can b e very exp ensive b ecause the three comp onents inv ed in the pro cess { back testing, restoring the simulation state vector and environment, and re-simulating of the memory references and messages { can p otentially weigh heavily on the simulatiexecution time. Rollback overhead can b e quanti�ed O

r = n

� O

+ n

r � O

r + n

r � O

where n

is the numb er of events that call for a rollback test and O

is the cost of suca test, n

r is the actual numb er of rollbacks, O

r is the cost of restoring the state vand the environment, and O

is the cost of re-executing the events. urthermore, O

r and O

are approximately linear functions of the average rollback distance d

r . O

r = d

r � O

and O

= d

r � O

, where O

and O

are the approximate numb ers instructions to roll back and to simulate one event resp ectiv. Thus ormula (1) can b written as follows:

O

r = n

� O

+ n

r � d

r � (O

+ O

) Although the parameters in ormula (2) are inherently b ound to the b ehavior of the systems, they are nonetheless directly a�ected by the rollback testing and recovering p 8 while ( more references or more messages ?) if ( new message in NMQ? ) // yes, there are new . Latch the new messages, i.e., move them from NMQ to . Sort the new messages in TMQ in timestamp . New messages in TMQ are merged into // Anti-messages are not inserted into // Those messages that anti-messages mean to cancel will // removed from . Examine TMQ to see if any of the new messages causes If rollback is in . set NextRef . set NextInMsg . set NextOutMsg . Restore state if ( NextRef->timestamp< NextInMsg->timestamp ) simulate the memory get the next memory else simulate the incoming get the next incoming if ( message generated? ) // . If ( the message matches with an item in OMQ do not send the else send // some anti-messages may be sent out in the matching // anti-messages do not enter OMQ. they remove // positive counterparts from Figure 2: The optimistic trace-driven simulation 9

As explained in the previous section, we have chosen to implement lazy Lazy cancellation is intended to prevent correct messages from b eing canceled and re-senagain, thus reducing n

, n

r and message passing ovIn addition to lazy cancellation, we have also incorp orated lazy aluation in rollback.

The goal of lazy aluation is to avoid the re-execution of events that pro duce the results as b efore. Lazy aluation relies on a more sophisticated rollback test than comparing a message’s timestamp with a pro cess’ current virtual time. One may test whether a new message do es indeed change the state vector. If the message induces change, rollback is not . Even if the message do es mo dify the cache state, as as the change is not in con ict with any of the changes made by events after the then the sp eculative computation of those events is still correct. In such cases, rollback also A more accurate rollback test scheme implies higher rollback test overhead (O

). the other hand it reduces the numb er of rollbacks (n

r ). e want to cho ose a rollback scheme with reasonable complexit, i.e., one whose cost will b e outweighted by a cant reduction in the numb er of rollbacks. o that e�ect, in our implementation,we whether a new message arriving late will change the cache state vector. This calls for reconstruction of the state of the cache line at the time indicated by the message. Since wonly log state at state changes (cf. Section 4.3), this is not overly cumb ersome. As long \messages arriving late but not changing cache state" are common, and as we shall see the next section this is indeed the case, we b ene�t from the lazy aluation 4.2 Message Queues and Optimizing Message

Of the three message queues, IMQ and OMQ are exclusively mo di�ed by one pro while each NMQ is shared by multiple pro cesses. Therefore synchronization is not for IMQ and OMQ. But ving messages from/to a new message queue lo cking. o minimize the numb er of instructions executed during the time that NMQ lo cked, the internal pro cessing of the new messages, such as sorting,is done in a ate p pro cess temp orary Among the four typ es of messages used in the simulation of the three cache proto cols (the �rst four in able 2), only \Reply" is transmitted p oint-to-p oint. The are broadcast-based messages. Broadcasting a message requires a pro cess to lo ck the pro cesses’ new message queues one after another and copy the message into the NMQs. reduce the length of the critical section and the overhead of message cop, we only pass address of the message to the receiv4.3 T uning the Logging F

The determination of the frequency of state vector logging is guided by two opp osite On one hand, the longer the logging inal is, the less the state saving overhead there b e. On the other hand, long logging inals tend to increase the rollback distance, the rollback overhead. In a cache simulation, one comp onent of the state vector, the numb

In fact, the OMQ is accessed by several pro cesses. However the algorithm op erates in such a way no explicit synchronization is required for the readers and writers of 10

of cache hit/miss, changes at every memory reference. Other comp onents, e.g., the LRordering of lines in a set-asso e cache, change less frequen. Even less frequent line state changes caused by cache misses induced by either the lo cal pro cessor or e�ects (messages in IMQ). Since saving state after pro cessing every memory reference unrealistic, we p erform state saving only when a cache line state is up dated. Thus, loggiinals are simply determined by the inals b etween two consecutive cache misses. traces that exhibit go o d cache lo calit, i.e., have high cache hit ratio,such inals mab e to o long. A rollback action may cause a pro cess to go far back in the past (i.e., d

r b ecomes to o large). o avoid such a situation, a pro cess which has not b een saving for some time p erio d, say T

will timeout to write the accumulated changes of simulation accounting data onto the log stack. By a simple mo del, we can estimate e�ect of infrequent state saving on the increase in rollback Assume that log entries are recorded every L references. Assume pro cess C

is to roll back to T

r , but there is no log entry at T

r . So the pro cess has to roll back to some time T

. Assume that the distance b etween the destination of a rollback (T

r ) the nearest log entry T

has a uniform distribution b etween [0, L]. Then, on the avthe rollback distance will increase by L=2. If the frequency of misses is high enough then will b e D

, the average distance b etween two cache misses. But in case of high lo calit,

misses might b e to o infrequent and we need to b ound L. e therefore intro duce a parameter T

so that now L is b ounded by min(D

; T

). In other words, applications having high miss ratio such as Mp3d and Max ow, L is con�ned to D

or applications exhibiting go o d data lo cality such as ater and Lo cus, L is b ounded bT

. The timeout parameter T

is currently selected as 1/2 of ater’s avdistance b etween two cache 4.4 Global Virtual Time and Memory RecollectiAn optimistic simulation scheme requires a large amount of main . State vand incoming and outgoing messages for each pro cess must b e saved in order to b e able recover from erroneous computations. This memory need could eventually lead to a paging

. Je�erson [9] observed that at any time during simulation, there exists global virtual time (GV T ) such that all saved events and states with timestamps earlier GV T will no longer b e used. Such , called fossil, can therefore b e reclaimed. computation of GV T in a shared memory system is easier than in a distributed environmenThere is no transient problem [13] b ecause, in a shared memory environment, so on as a pro cess �nishes sending a message (write to memory), this message is accessible in another pro cess’s new message queue. urthermore, pro cesses are not allowto ance their lo cal clo ck when the signal for computing GV T is asserted. This the simultaneous rep ort problem [13If state were recorded after each event, GV T would b e the minimum over all pro � the virtual simulation

A transient message is a message that has b een sent from a source pro cess but that has not yet arrivat his 11

� the minimum timestamp of the messages in However, in our case, since state is not changed at every memory reference, we must from GV T the maximum inal b etween state savings, i.e., T

de�ned Hence, we hav

GV T (t) = GV T (t) � T

where

GV T stands for Safe GV T In practice, fossil recollection is complicated by the fact that messages are shared p ointers. , a certain amount of memory is allo cated to each logic pro cess. reason for doing so rather than using a global memory p o ol is to enhance data lo calit.)

Later fossil recollection is invoked individually by each logic pro cess, i.e., at di�erent for di�erent pro cesses. If

GV T were directly used to reclaim the memory storing content of messages, there could b e dangling p ointers since the IMQ stores ointers messages rather than messages. o solve this problem, we have to make certain that storage used for saving the content of messages is not reclaimed b efore all the p ointers the messages are recollected. So we maintain an array of last computed

GV T (

GV T for all the pro cesses. In reclaiming the storage used for saving the content of messages, minimum alue of

GV T is calculated and 4.5 Memory

Memory management in Time arp simulation involves two levels of allo cation.At b eginning, each pro cess is pre-allo cated a certain amount of memory to b e used as a p o ol. Later, when a pro cess needs to save messages or states, it will fetch bu�ers from own memory p o ol. In the worst case, it is p ossible that a fast pro cess consumes all of memory bu�er while no memory space is safe to reclaim due to a large discrepancy the lo cal clo cks. Je�erson [10] prop osed a cancelback proto col as a complementary metho for memory recollection. The gist of the proto col is that, when a pro cess runs out of and fossil collection fails to release any , the pro cess will cause itself to rollback.

This proto col guarantees that the simulation will run to completion successfully given minimum amount of memory required by the simulation. There are two antages the cancelback proto col. , pro cesses may have to undo some correct , when a pro cess rolls itself back, it is likely that the pro cess will further other pro cesses to roll bacOur memory management proto col is di�erent. When a pro cess runs out of memory fossil collection fails to reclaim any , the pro cess is stalled, i.e., its virtual time is anced and it cannot pro cess new references. A Waiting message carrying the of the pro cess is sent to the slowest pro cess to notify the latter that some pro cess is waitifor it to catch up. Later, when the \slo est" pro cess executes the message, it replies a CatchUp message to wake up the stalled pro cess. Note that the stalled pro cess is active in receiving messages and p erforming rollback testing on the new messages. If of the new messages causes a rollback, the stalled pro cess will b e released and go back inop eration . The two messages Waiting and CatchUp are designed for management . They will not b e re-executed or 12

Numb er

Shared

Shared

Shared

Shared

Proto ater/Berk ater/Illinoi

Lo cus/Berk

Lo

Lo

Mp3d/Berk

Max ow/Berk

Max ow/Illi

Max ow/Fi

able 3: Memory access characteristics of the applications: Columns give the name of application and the cache coherence proto col, the total numb er of references instruction fetches), the numb er of shared read references, the numb er of shared read cacmisses, the numb er of share write references and the numb er of shared write cache 5

erformance 5.1 Applications and T our applications were chosen to measure the p erformance of the parallel simulator. are ater, Lo cus, Mp3D and Max ow. The �rst three are in the Splash b enchmark [15]. ater is a scienti�c application which simulates the evolution of a system of wmolecules in the liquid state. Lo cus is a commercial quality VLSI standard cell Mp3d solves problem in rare�ed uid ow simulation. The last application, Max ow, is parallel algorithm to compute the maximum ow of a netwThese applications were selected b ecause they are \real applications",the prop ortion shared references misses aries from application to application so that we can examine p erformance of optimistic trace-driven simulation as a function of the overhead of commnication and synchronization, and the traces were already collected on the Sequent using race [7]. able 3 shows the memory access characteristics of the four tions. All of the ab ove applications have 12 input trace �les. The data given in able 3 average numb ers for the multiple trace streams of one application.The caches that wsimulated were 256KB, 2-way set asso ciative with a blo ck size of 32 b13

Sp eedup (12 pro

Berk

Lo

Max o

able 4: Performance of the optimistic parallel simulatio5.2 Exp erime t 5.2.1 General able 4 displays the sp eedups obtained when running the optimistic simulation on 12 cessors of a KSR-2 system. As can b e seen, the results are go o d with sp eedups from almost 9 in the b est case to a little over 3 in the worst case. This range of sp eedup can b e explained by several factors, some of which dep end on the application b eing and some that are an artifact of the simulation metho The �rst ation is that the simulation sp eedups of the four applications (lo ok at able 4 in a column-wise fashion) as the shared reference miss ratios increase able 3). This is consistent with the results obtained (for the 3 Splash b enchmarks) on a bus-based machine [15] although the di�erences in the simulation are more pronounced. p ossible reason for this larger di�erence is that the simulation must \pay" more for such as Invalidation that are broadcast in a bus-based machine and readily discarded the recipients do not have the corresp onding line in their cache, while in the simulation message is inserted in each pro cess’ IMQ, sorted, and pro cessed even if it has no impact the recipient’s cache The second ation is that in three cases out of four, the exception b eing ater, sp eedups decrease with the communication requirements of the proto col (lo ok at able in a row-wise fashion). While in the ative approach [1] the sp eedup s always show monotonic decrease from the proto col with the least communication (Berkeley) to the with the most (Fire y), this is no longer the case in the optimistic simulation. There several factors that account for this b ehavior such as the numb er and typ es of which dep end highly on the read/write miss ratio and the proto col, and the numb er distances of rollbacks. In contrast with the ative approach, we cannot �nd that can yield either an upp er b ound on the sp eedup or a ranking among proto 5.2.2 Impact of numb er and typ es of The amount and the typ es of messages play an imp ortant role in the p erformance of parallel simulation. Given an application, messages required to simulate the cache ence e�ects dep end on the shared read/write miss ratio as well as on the cache proto b eing simulated. Eviden, each shared reference miss generates at least a message the overall situation is more complex. or example, a simulation pro cess in the Berk14

Numb er

Rollbac

Proto

Receiv

Rollbac

ater/Berk

Lo cus/Berk

Lo

Lo

Mp3d/Berk

Max ow/Berk

Max ow/Illinoi

Max o

able 5: Statistics of the optimistic trace-driven simulation: Columns give the numb of references that are actually executed, the numb er of messages received, the numb er rollbacks, and the rollback distance (in terms of the amount of memory references b rolled bacproto col receives less messages than one in the Illinois proto col although the Berkeley to col induces a slightly higher miss ratio (cf. ables 3 and 5). This is b ecause in a shared read miss under the Berkeley proto col, the cache where the miss o ccurred simply set its own state while under the Illinois proto col it has to consult the states of caches b efore it can decide its cache state. As a result, a shared read miss under the proto col induces two messages (

quest and eply) and requires synchronization. The is true of shared read or write misses in the Fire y proto col. By contrast, a shared miss in the Berkeley proto col as well as a shared write miss in the Berkeley or the proto col will generate only one message and no synchronization is When examining more carefully the e�ects of the messages, we can see that b oth

Miss and quest will change only the exclusive owner’s state (at most one) of the cacline in question, while Invalidation will change the state of any cache that is caching the b eing inalidated. Consequen, the probability that an Invalidation causes a rollback higher than that of a adMiss or a quest. Therefore, of the three typ es of the adMiss has the lowest cost, while Invalidation may induce more rollbacks, and carries the synchronization overhead and demands an additional message ( eplyAs shown in able 5, for all applications, simulating Fire y generates the largest numb of messages among the three cache coherence proto cols b ecause, as a write-up date than a write-inalidate proto col, it incurs the highest shared reference misses able 3) every shared reference miss needs two messages. The communication and syncoverhead in simulating the Illinois proto col falls b etween the Berkeley proto col and Fire y proto col for the reason that only shared read misses generate quest 15

Inalidation(%) An

18084 (48.6)

17404

17751

11568

63272 Lo

44984 (54.1)

34619

Lo

43938

26482

Lo

140954 (49.9)

75199 (28.8)

173315

74175

146209

945021 (49.9)

Max o

303481

212173

Max o

296975 (36.9) 206541

Max ow/F

857165 (49.9)

able 6: Message comp onents: Columns give the name of the applications and the caccoherence proto col, the amount (p ercentage) of ReadMiss, Request, Inalidation, late sages (i.e. messages whose timestamps are smaller than the simulated time of the receivand anti-messages p er pro cess.

ol umn1, ol umn2 � 2, ol umn3, and ol umn4 add to close to Simulating the Berkeley proto col, which requires no explicit synchronization overhead thus the least amount of communication, is the most economical 5.2.3 Impact of numb er and distance of rollbacIn contrast with the fact that the simulation of the Fire y proto col generates the volume of the messages, its numb er of rollbacks is the smallest of the three proto cols. is b ecause almost all the messages generated by simulating Fire y are quest or eplywhich are unlikely to cause other pro cesses to rollback in a write-up date proto col. Moreover,

since synchronization is enforced frequently through quests, the average rollback of Fire y is relatively small. These facts explain why the level of re-execution, i.e., di�erence b etween the total numb er of references and the numb er of those that are pro cessed (compare columns 2 of able 3 and 5) in the Fire y simulation, is much lowthan in the other two proto cols. Although, in general, the Illinois proto col has less write misses, hence less rollbacks due to Invalidation, than the Berkeley proto col its message when encountering a shared read miss triggers rollbacks more easily than Berk adMiss b ecause of the alid exclusive state. The net e�ect is that the Illinois simulatiinvoked slightly more rollbacks in the four traces under . Nevertheless, for applications ater, Mp3D and Max ow), the amount of the references re-simulated Illinois is (slightly) less than that in Berkeley b ecause the former has a (marginally) average rollback 16

5.2.4 The sp eedup of the optimistic simulation is mainly governed by a numb er of coun� the communication overhead (pro cessing of messages), which is determined by total amount of � the explicit synchronization overhead, which is determined by the amount of

� the rollback overhead, which is determined by the amount and the typ es of the Combining the ab ove three typ es of overhead accounts for the overall p erformance of optimistic simulation. The simulation of the Berkeley proto col and of the Illinois proto often have comparable rollback overhead. But, in general, the latter generates more sages and b ears a higher synchronization overhead; its sp eedup will tend to b e lower. sp eedup when simulating the Fire y proto col will b e even lower in cases where the munication and synchronization overhead outweighs the rollback overhead. The simulatibased on the Lo cus and Max ow traces basically match this or Mp3d, the sp eedup of the Fire y simulation is signi�cantly worse than that of other two proto cols b ecause of a substantial increase in the numb er of shared write The amount of messages generated in Fire y is ab out 6 times that needed in Berkeley Illinois). The very high communication and synchronization overhead dominates, in the p o or sp eedup. In fact, the large amount of explicit synchronization imp osed bthe quest messages prevents the optimistic simulation from exploiting the weak constraints in the trace-driven simulation. In such cases, an optimistic approach p somewhat like a ative scThe situation with the ater traces is a little di�erent. ater has the b est data lo calit,

which allows a large discrepancy in pro cesses’ lo cal simulation time in the case of Berkeley simulation where no synchronization is required. or that reason, when a pro is rolled back, it needs to go far back in the past, which suggests a large rollback It can b e computed (from ables 3 and 5) that ab out 16% of the memory references re-executed when simulating the Berkeley proto col contrasted with only 6% and 1% simulating Illinois and Fire y resp ectiv. On the other hand, the Illinois or the simulations need to pro cess more messages and have higher synchronization overhead. none of the three factors dominates. As a consequence, the sp eedups of the simulation the three cache proto cols are very close for this Columns 5 and 6 of able 6 reveal some other interesting statistics con�rming choice of optimizations for Time arp in the context of trace-driven simulation. Ab 35%-50% of the messages received are late messages, i.e. messages with timestamps than the simulation time of the receiving pro cesses. However only a small p ortion of late messages (up to 8%) actually cause rollbacks.This suggests that lazy aluation e�ective in reducing the numb er of rollbacks in the trace-driven simulation. In among all the messages generated, only a small p ortion (up to 5%) is canceled, which that most of the messages, including those sent , are correct. Therefore cancellation is the right choice for the implementatio17

The overhead of state saving is omitted in our discussion since in trace-driven simulation,

esp ecially for a big cache, it is negligible compared to the other three factors. In addition, wmeasured the time that each pro cess sp ent waiting for others due to memory managemenas explained in Section 4.5, we found out that it never exceeded 5% of the execution Thus the overhead do es not slow down the parallel simulation in a signi�cant wa6 In this pap er, we have describ ed the design and optimization of a Time arp-like optimistiparallel trace-driven simulation metho d. The simulator has b een implemented on a 2 system and exercised with 4 traces of real applications.Our p erformance results shothat the optimistic trace-driven simulation of multipro cessor traces can achieve signi�cansp eedups for applications exhibiting go o d data lo calit.The sp eedups are application proto col dep end ent with no single metric measuring the p otential gains that can b e achievThe two main factors that prevent ideal simulation sp eedup s are the command synchronization inherent in the application itself and the overhead that is sp eci�c the optimistic simulation metho d, namely rollback and state saving. When partitionia simulation into parallel tasks, the communication existing in the applications intro duces interpro cess communication among the logical simulation pro cesses. The of communication b etween logical pro cesses in the simulator is magni�ed compared to of the target system and therefore the sp eedup of the simulation will in general b e less that of the application itself. Moreover, as could b e exp ected, increased command synchronization in the proto col, as measured by a combination of miss ratio on references and messages sent and received, is detrimental to sp eedup. In our exp erimenwe have observed that the communication and synchronization overhead often the rollback overhead. The latter was lessened by some optimization techniques such state saving at signi�cant events only (cache misses or timeouts), lazy cancellation, lazy aluation (mildly complex rollback testing). These optimizations are particularlwell suited to trace-driven simulation of cache memories where most events need not b totally ordered since they in uence the states of cache lines that are indep endenReference[1] Anonymous. A Parallel race-driven Simulator:Implementation and P dingsof International e on al lel essing, August 1994, [2] Anonymous. A Comparative Study of ative and Optimistic race-driven ulation. Submitted for [3] J. Archibald and J.-L. Baer. Cache Coherence Proto cols:aluation Using a pro cessor Simulation Mo del. ACM ansactions on Computer Systems, ol.4, Novemb er 1986, 273-298.

[4] R.E. Bryant. Simulation of Packet Communications Architecture Computer MIT-LCS-TR-188, MIT, 18

[5] D. Chaiken, C. Fields, K. Kurihara and A. Agarwal. Directory-Based Cache in Large-Scale Multipro cessors. Computer, ol.23, No.6, June 1990, [6] K.M. Chandy and J. Misra. A Case Study in Design and eri�cation of Programs. IEEE ans. on e and ering,ol. 5, No.9, Septemb er [7] S.J. Eggers, D.R. Kepp el, E.J. Koldinger and H.M. . echniques for E�cienInline racing on a Shared-Memory Multipro cessor. 1990 ACM Sigmetrics e

on ement and deling of Computer Systems, 1990, [8] R. ujimoto.Parallel Discrete Event Simulation.

ation of the ACM, 33, No. 10, Oct. 1990, [9] D. Je�erson. Virtual Time. ACM ansactions on amming anguages and tems, ol. 7, No. 3, July 1985, 404-425.

[10] David Je�erson. Virtual Time I I: Storage Management in Distributed Simulation.

dingsof 9th Annual ACM osium on Principles of d ComputingAugust 1990, [11] Kendall Square Research. echnical . [12] Y-B Lin, E. D. Lazoa and J-L Baer. Parallel race-Driven Simulation of cessor Cache Performance: Algorithms and Analysis.

ess in Simulation, No.1, Ablex Publishing, 1992, [13] Y-B. Lin and E. D. Lazoa. Determining the Global Virtual Time in a Simulation. ech Rep ort 90-01-02. Dept. of Computer Science. University of ington, [14] . Reiher, R ujimoto, S. Bellenot and D. Je�son Cancellation Strategies in Execution Systems. SCS ence on d Simulation, 1990, 112-121.

[15] J. . Singh, W. D. eb er and A. Gupta. SPLASH: Stanford Parallel Applications . Computer A e News, ol.20, No.1, March 1992, 19