
1An Oldest-First Selection Logic Implementation forNon-Compacting Issue QueuesAlper Buyuktosunoglu, Ali El-Moursy, David H. AlbonesiDepartment of Electrical and Computer EngineeringUniversity of RochesterAbstract|Microprocessor power dissipation is a growingconcern, so much so that it threatens to limit future per-formance improvements. A major consumer of micropro-cessor power is the issue queue. Many microprocessors,such as the Compaq Alpha 21264 and IBM POWER4TM ,use a compacting latch-based issue queue design which hasthe advantage of simplicity of design and veri�cation. Thedisadvantage of this structure, however, is its high powerdissipation.In this paper, we propose a new selection logic implemen-tation in conjunction with a non-compacting issue queue.This scheme achieves comparable delays to the existingposition-based selection approach used for compacting issuequeues, yet results in far less power with a small perfor-mance loss. I. IntroductionPower dissipation is a serious constraint for designersof high-end microprocessors [2], [6], [12]. Many complextrade-o�s must be made to achieve the goal of power-e�cient, yet high performance design. As more proces-sor performance is needed with the given power dissipationconstraints, it becomes important to consider how thesedi�erent areas a�ect one another in order to �nd the opti-mum design. This overlap is particularly noticeable in theissue queues of microprocessors.Modern dynamic super-scalar microprocessors use out-of-order issue and execution in order to extract greaterinstruction-level parallelism (ILP) from common programs[8], [11], [14]. A key hardware structure in out-of-order de-signs is the issue queue. Figure 1 shows a pipeline overviewof the dynamic scheduling path as well as the issue queueorganization and operation. Here, each functional unit hasits own dedicated issue queue, although in some designs,some of the functional units may share the same issuequeue. The issue queue holds decoded and renamed in-structions until they issue to appropriate functional units.The size of the issue queue represents the window of in-structions that may be eligible for issue (or woken up) whenboth of its source operands have been produced and an ap-propriate functional unit has become available. The selec-tion logic determines which instructions (up to the max-imum issue width of processor) should issue out of thesewoken up in a given cycle. Wake-up and select togetherconstitute an atomic operation. Atomic implies that theentire operation must �nish before the wake-up and selectoperations for dependent instructions can begin. Thus, ifdependent instructions are to be executed in consecutivecycles (necessary for achieving the highest performance)the issue queue logic (scheduling) performs this operation

in one cycle. After an instruction is chosen for execution,a tag associated with the instruction destination registeris broadcast over the tag buses to all entries in the issuequeues. This tag broadcast signals dependent instructionsthat the instruction's result will be available soon (wake-up logic). After an instruction completes its execution, itbroadcasts its result over the result bus to the register �leand to any dependent instructions starting execution. Thedependent instructions read register values from the regis-ter �le or receives them from the bypass path.
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Fig. 1. Pipeline overview of the dynamic scheduling path and issuequeue organization and operation.Although crucial for achieving high performance in out-of-order processors, the issue queues are often a major con-tributor to the overall power consumption of the chip, po-tentially a�ecting both thermal issues related to hot spotsand energy issues related to battery life. Figure 2 showsthe power breakdown for the Compaq Alpha 21264 andalso depicts the power breakdown of the Ibox unit withinthis processor. According to these �gures, 50% of the Iboxpower is consumed in the queue whereas 23% is consumedin the mapper and early datapath [13].Current generation high-end processors like the IBMPOWER4 [11] are performance-driven designs where powerlimits are still below the 0.5 watts/mm2 power density limita�orded by the package/cooling solution of choice in theserver markets targeted by such processors. Figure 3 shows
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Fig. 2. Compaq Alpha 21264 and Ibox power breakdown.CBOX:BIU, Data & Control Busses; DBOX: Dcache, EBOX: Inte-ger Units; IBOX: Integer Mapper & Queue, FP Mapper & Queue,Instruction Data Path; JBOX: Instruction Cache; MBOX: MemoryController.the power density across some of the major units of a sim-ulated processor that is similar to a POWER4 core [1]. Wenote that although on a unit basis the power density num-bers are under 0.5 watts/mm2, there are smaller hot-spots,like the issue queues that are above the limit without anyclock-gating assumptions.
IFU IDU ISU FXU LSU FPU L2 L3Cntrl BHT Icache FXQ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

P
o
w

e
r 

D
e
n
s
it
y
(W

a
tt
s
/m

m
2
)

Functional Unit or Sub−UnitFig. 3. IBM POWER4 power density pro�le across major unitsand sub-units. IDU: Instruction Decode Unit; FXU: Fixed PointUnit; IFU: Instruction Fetch Unit; ISU: Instruction Sequencing Unit;LSU:Load-Store Unit: includes Level1 (L1) Data Cache; FPU: Float-ing Point Unit; L2: Level2 (L2) Cache; L3 Cntrl: Level3 (L3) CacheControl; BHT: Branch History Table; Icache: Instruction Cache;FXQ: Fixed-Point Issue Queue.The Compaq Alpha 21264 and IBM POWER4 imple-ment a compacting latch-based issue queue in which eachentry consists of a series of latches [1], [5]. Figure 4 shows ageneral latch-based issue queue design similar to that usedin these processors. Each bit of each entry consists of alatch and a multiplexer as well as comparators (not shownin this �gure) for the source operand IDs. Each entry feeds-forward to the next queue entry, with the multiplexer usedto either hold the current latch contents or load the latchwith the contents of the next entry. The design shown inFigure 4 can load up to four dispatched instructions in acycle into the uppermost unused queue entries. The queueis compacting in that the outputs of each entry feed-forwardto the next entry to enable the �lling of holes created byinstruction issue. New instructions are always added tothe tail position of the queue. In this manner, the queuemaintains an oldest to youngest program order within thequeue. This simpli�es the implementation of an oldest-�rstissue priority scheme as well as the squashing of queued in-structions that are in the shadow of a mis-predicted branch.
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Fig. 4. Queue insertion and detail of queue entry.However, the high price of this approach is its power con-sumption. Compaction entails moving instructions aroundin the queue every cycle and depending on instruction wordwidth may therefore be a source of considerable power con-sumption. Each time an instruction is issued, all entriesare shifted down to �ll the hole, resulting in all of theselatches being clocked. Because lower entries have issue pri-ority over upper entries, instructions often issue from thelower positions, resulting in a large number of shifts andtherefore, a large amount of power dissipation.To eliminate these power-hungry operations, we canmake the issue queue non-compacting. In a non-compacting queue, holes that result from an instructionissue from a particular entry are not immediately �lled.Rather, these holes remain until a new entry is dispatchedinto the queue. At this point, the holes are �lled in priorityorder from bottom to top. The obvious disadvantage of anon-compacting queue is that oldest to youngest priorityorder of instructions in the queue is lost. So, although acompaction strategy is unsuitable for low power operation,it may be critical to achieving good performance with asimple position-based selection logic.In this paper, we propose a new oldest-�rst selection logicimplementation for overcoming the drawback (lost instruc-tion order) of non-compacting queues. This implementa-tion relies on the instruction sequence numbers, or the re-order bu�er (ROB) numbers that typically tag each dis-patched instruction. Our analysis with this circuit struc-ture suggests that comparable delays with existing selec-tion logic implementations can be achieved, while still pro-viding the power savings of a non-compacting queue, witha small cycles per instruction (CPI) performance degrada-tion. II. Non-Compacting Issue QueueThe obvious disadvantage of a non-compacting queue isthat the oldest to youngest priority order of the instructionsin the queue is lost. Thus, the use of a simple position-based selection mechanism like that described in [10] willnot give priority to older instructions as in the compact-ing design. Figure 5 shows a simple example of a four-entry issue queue from which a single instruction can issueeach cycle and in which lower instructions have priorityover upper ones. Initially, both the compacting and non-compacting queues maintain the oldest to youngest order



3(A, B, C, D). When instruction B issues from the com-pacting queue, instructions C and D are shifted down anda new instruction (E) is put into the uppermost location.By contrast, in the non-compacting queue, instruction Eis placed in the position formerly occupied by instructionB, giving E higher priority than instructions C and D. Ifboth of the operands for instruction E are ready when it isinserted into the queue, then in the non-compacting queueit will issue in the next cycle, ahead of the older instruc-tion C. Thus, these older instructions C and D may stayin the queue for a signi�cant period of time, which mayhave a non-negligible impact on CPI performance (shownin Section V).
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LATCHLATCHFig. 6. Latch-based (with compaction) and CAM/RAM-based issuequeues. III. Position-Based Selection LogicSince the number of ready instructions in the issue queuemay be greater than the number of functional units avail-able, some form of selection logic is required to select theinstructions for execution from a ready pool of instructions.A position-based selection policy based on a mix of staticand domino gates is proposed in [10]. Figure 7 shows the ar-bitration logic which is structured as a decision tree whichmust be traversed both ways. The inputs to the selectionlogic are the request signals, each of which is raised whenall operands of the corresponding instruction are available.The outputs of the selection logic are the grant signals, oneper request signal. Once an instruction is granted, it canbe issued to the functional unit and the issue queue entryit occupies is freed.The selection logic shown in Figure 7 works in twophases. In the �rst phase, the request signals are prop-

agated up the tree. Each cell raises the anyreq signal ifany of its input request signals is high. This also raises theinput request signal of its parent arbiter cell. It is there-fore possible that at the root cell one or more input requestsignals are high if there are one or more instructions thatare ready. The root cell then grants the functional unitto one of its children by raising one of its grant outputs.This triggers the second phase in which the grant signal ispropagated down the tree to the instruction that will be se-lected. The selection policy implemented in this structureis static and is strictly based on location of the instructionin the queue. Due to compaction, the bottom entries whichare older instructions have the highest priority in selection.The approach uses static arbitration gates in segmentsof four queue entries. The arbitration gate is structuredas an AND function with a maximum fan-in of �ve for thelowest priority grant output signal. Domino OR gates areused to propagate request signals up the tree to provide theroot node with information of which segments of the queuehave ready instructions in them. The static arbitrationgates then propagate the root nodes decision back to thequeue entries.
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Fig. 7. Position-based selection logic.IV. Oldest-First Selection LogicTo solve the problem of lost instruction ordering whilemaintaining much of the power-e�ciency advantages of anon-compacting queue, the reorder bu�er (ROB) numbers(sequence numbers) that typically tag each dispatched in-struction can be used to identify oldest to youngest order.(The ROB commits instructions in program order by per-mitting an instruction to commit only if all the precedinginstructions have committed.) However, a problem ariseswith this scheme due to the circular nature of the ROBwhich may be implemented as a RAM with head and tailpointers. For example, assume for simplicity an 8-entryROB where the oldest instruction lies in location 111 andthe youngest in 000. When an instruction commits, thehead pointer of the ROB is decremented to point to thenext entry. Similarly, the tail pointer is decremented whenan instruction is dispatched. With such an implementa-tion, the oldest instruction may no longer lie in location111 in our working example, but in any location. In fact,the tail pointer may wrap around back to entry 111 such



4that newer entries (those nearest to the tail) may occupy ahigher-numbered ROB entry than older entries [7]. Whenthis occurs, the oldest-�rst selection scheme will no longerwork properly.This problem can be solved by adding an extra high-order sequence number bit which we call the sorting bitthat is kept in the issue queue. As instructions are dis-patched, they are allocated a sequence number consistingof their ROB entry number appended to a sorting bit of0. These sequence numbers are stored with the entry inthe issue queue. Whenever the ROB tail pointer wrapsaround to entry 111 in our example, all sorting bits are
ash set to 1 in the issue queue. Newly dispatched in-structions, however, including the one assigned to ROBentry 111, continue to receive a sorting bit of 0 in theirsequence numbers. These steps, which are summarized inFigure 8, guarantee that these newly dispatched instruc-tions will have a lower sequence number than prior (older)instructions already residing in the queue.
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1Fig. 8. Mechanism for updating the sorting bit in the issue queue.Once the sorting bit adjustment is in place, older instruc-tions can properly be selected from the ready instructionsas follows. The most signi�cant bit of the sequence num-bers of all ready instructions are OR-ed together. If theresult of the OR is 1, all ready instructions whose mostsigni�cant bits are 0 will be removed from consideration.In the next step, the second most signi�cant bit of the se-quence numbers of all ready instructions that are still underconsideration are OR-ed together. If the result of the ORis 1, all ready instructions still under consideration whosesecond most signi�cant bits are 0, will be removed fromconsideration. The Nth step is the same as step 2, exceptthe least signi�cant bit of the sequence number is used. Atthe end of this step, all ready instructions will have beenremoved from consideration except for the oldest.However, this OR-based arbitration mechanism requiresa �nal linear O(N) chain from the highest order to thelowest order bit. This signi�cantly increases the delay ofthe selection logic compared to the selection logic describedby Palacharla [10] after 4 bits with a 32 entry queue. Notethat for a processor that has up to 128 instructions (ROBof 128 entries) in 
ight, a full sequence number consists of 7bits and a sorting bit. The lack of full age ordering with 4-bit sequence numbers results in a CPI degradation (shownin Section V), although it is an improvement over the CPIdegradation incurred with no age ordering (position-basedselection with non-compaction).Figure 9 shows the 4-bit implementation of the oldest-�rst selection logic for a 32 entry queue. These four bitsconsist of three low order bits of the sequence number in

addition to the sorting bit. (In Figure 9, A4 is the sortingbit and A3-A1 are the three least signi�cant bits.) 32-inputOR gates are implemented as 32-input domino logic. So foreach stage the corresponding logic (OR gate, mux and ANDgate) makes the decision of passing all the entries to thenext stage (if they have the same age) or �lter them (bypassing only the greatest ones according to the comparisonup to that point). In the scenario where ready instructionseach have the same four bit value (tie situation), a priorityencoder described in [5], [9] is used to grant one of thoseinstructions. This priority encoder is an array of kill signalsin which the one in a lower row discharges all upper rowgrants (not shown in Figure 9).
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Repeated block (1:32)Fig. 9. Oldest-�rst selection logic.V. EvaluationA. MethodologyWe perform circuit-level delay analysis and energy es-timation using the IBM AS/X circuit simulator and nextgeneration process parameters. The baseline latch-basedissue queue and other circuit designs borrow from existingcircuit libraries where appropriate. Both position-basedselection logic and oldest-�rst selection logic implementa-tions are optimized for speed, and then the correspondingenergy measurements are performed. For the microarchi-tectural simulations, we used SimpleScalar-3.0 [3] to simu-late an aggressive out-of-order super-scalar processor. Thesimulator has been modi�ed to model separate integer and
oating point queues. We focus on an integer issue queuewith 32 entries in this paper.B. ResultsThe trade-o�s between a compacting and non-compacting issue queue are complex, as a degradationin CPI performance can potentially occur with non-compaction due to the lack of an oldest-�rst selectionscheme. We modi�ed SimpleScalar to model the holes cre-ated in a non-compacting issue queue, the �lling of theseholes with newly dispatched instructions, and a selectionmechanism strictly based on location within the queue(rather than the oldest-�rst mechanism used by default).With such a scheme, older instructions may remain in thequeue for a long time period, thereby delaying the comple-tion of important dependence chains. The left-most bar inFigure 10 shows the CPI degradation for our six SPEC2000integer benchmarks. The degradation is signi�cant, around8% for mcf and parser and 5.5% overall. The right-most bar



5shows the CPI degradation when the described oldest-�rstselection scheme is implemented by using four bit sequencenumber (including the sorting bit). On average, the partialoldest-�rst selection scheme reduces the CPI degradationfrom 5.5% to 2.3%.
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