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Introduction



Microprocessor Microarchitecture Design Space Exploration (DSE)
Given benchmark suites and microprocessor microarchitecture design space, find optimal
microarchitecture parameters that can achieve good trade-offs between performance,
power, and area (PPA).

Introduction: Problem Formulation
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• Industry:

• Expertise of computer architects.

• Academia:

• Analytical methodologies: based on mechanistic models with intepretable
equations.1234

• Black-box methodologies: based on machine-learning techniques.

1Mark D Hill and Alan Jay Smith (1989). “Evaluating Associativity in CPU Caches”. In: IEEE
Transactions on Computers 38.12, pp. 1612–1630; MS Hrishikesh et al. (2002). “The Optimal Logic
Depth per Pipeline Stage is 6 to 8 FO4 Inverter Delays”. In: IEEE/ACM International Symposium on
Computer Architecture (ISCA). IEEE, pp. 14–24.

2Guangyu Sun et al. (2011). “Moguls: A Model to Explore the Memory Hierarchy for Bandwidth
Improvements”. In: IEEE/ACM International Symposium on Computer Architecture (ISCA). IEEE,
pp. 377–388.

3Tejas S Karkhanis and James E Smith (2007). “Automated Design of Application Specific
Superscalar Processors: An Analytical Approach”. In: IEEE/ACM International Symposium on
Computer Architecture (ISCA), pp. 402–411.

4Stijn Eyerman et al. (2009). “A Mechanistic Performance Model for Superscalar Out-of-order
Processors”. In: ACM Transactions on Computer Systems (TOCS) 27.2, pp. 1–37.

Introduction: Previous Methodologies
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• Black-box methodologies: based on machine-learning techniques.
Some representative approaches:

• Regression567

• Ranking8

• Bayesian optimization9

• etc.

5Engin Ïpek et al. (2006). “Efficiently Exploring Architectural Design Spaces Via Predictive
Modeling”. In: ACM International Conference on Architectural Support for Programming Languages and
Operating Systems (ASPLOS) 40.5, pp. 195–206.

6Benjamin C Lee and David M Brooks (2007). “Illustrative Design Space Studies with
Microarchitectural Regression Models”. In: IEEE International Symposium on High Performance
Computer Architecture (HPCA). IEEE, pp. 340–351.

7Dandan Li et al. (2016). “Efficient Design Space Exploration Via Statistical Sampling and
AdaBoost Learning”. In: ACM/IEEE Design Automation Conference (DAC). IEEE, pp. 1–6.

8Tianshi Chen et al. (2014). “ArchRanker: A Ranking Approach to Design Space Exploration”. In:
IEEE/ACM International Symposium on Computer Architecture (ISCA). IEEE.

9Chen Bai et al. (2021). “BOOM-Explorer: RISC-V BOOM Microarchitecture Design Space
Exploration Framework”. In: IEEE/ACM International Conference on Computer-Aided Design (ICCAD).
IEEE, pp. 1–9.

Introduction: Previous Methodologies

6/51



• Industry solutions→ architects’ bias: whether the solution given by architects is
optimal or how many benefits we can gain based on a sub-optimal solution?

• Analytical methodologies→ require immense domain knowledge.

• Black-box methodologies→ require high computing resources.

Introduction: Limitations of Previous Methodologies
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Goal
Solve the problem by removing limitations of previous methodologies: remove massive
domain knowledge requirements & mitigate the high computing demands.

Approach
DSE via automated bottleneck analysis.

Introduction: Goal & Approach
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Perfect machine: unlimited hardware resources.
• Performance is constrained only by program’s true data dependencies.

Real machine: limited hardware resources.
• Performance is constrained by program’s true data dependencies and resource

constraints.

• Two distinct types of resources:

• deficient and exhausted.
• abundant and idle.

Resource constraints→ the usage dependencies of deficient resources that blocks
instructions from progressing.

Introduction: Rationales (Thought Experiment)
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Balanced Microarchitecture
A balanced microarchitecture can simultaneously maximize the utilization of each
hardware resource.

Bottleneck
We refer to a bottleneck as insufficient hardware resource that is exhausted by instructions
and results in high program runtime.

The Key to Success
Accurate and efficient identification of types of hardware resources is the first principle to
finding a balanced microarchitecture.

Introduction: Rationales
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Findings
We find that the relations between resource constraints and machine parallelism are
similar to the cask effect.1011

How to identify the type of resources?
• The utilization status of each resource in the microexecution should be captured.

• Whether the overlapping events matter for the execution time should be considered.
→ Call for a global view of the entire microexecution, which the critical path analysis
can help12.

10Norman P. Jouppi (1989). “The Nonuniform Distribution of Instruction-level and Machine
Parallelism and Its Effect on Performance”. In: IEEE Transactions on Computers 38.12, pp. 1645–1658.

11Laurence J Peter, Raymond Hull, et al. (1969). The Peter Principle. Vol. 4. Souvenir Press London.
12Brian Fields, Shai Rubin, and Rastislav Bodik (2001). “Focusing Processor Policies via

Critical-path Prediction”. In: IEEE/ACM International Symposium on Computer Architecture (ISCA).
IEEE, pp. 74–85.

Introduction: Findings & Design Principles
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Design Principles for DSE via Bottleneck Analysis

• The dependencies contributing to execution time should be captured as much as
possible.

• Concurrent events should be distinguishable.

ArchExplorer is the implementation of the design principles.

Introduction: Findings & Design Principles
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Background & Motivation
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Challenges in microprocessor microarchitecture DSE:
• Complicated design space.

• High simulation runtime.

Background & Motivation: Challenges
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Bottleneck Analysis Matters in DSE
Removing microarchitecture bottlenecks can significantly enhance the PPA trade-off.

A Straightforward Heuristic

In the DSE, assigning necessary hardware resources and reducing redundant ones.

• DSE starts from a baseline microarchitecture.

• Adjust resources based on the degree of necessity manually.

• The ratio of delayed instructions due to the resource’s insufficiency.

Background & Motivation: Findings
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Table: A baseline microarchitecture specification

Components Hardware Resources
Pipeline width 4

Fetch buffer size in bytes 64
Fetch queue size in µ-ops 32

Branch predictor unit
local/global/choice predictor
of the tournament: 2048/8192/8192
RAS: 16, BTB: 4096

ROB/IQ/LQ/SQ 50/32/24/24
Physical register Int RF: 50, Floating-point RF: 50

Functional unit
IntALU: 3, IntMultDiv: 1, FpALU: 2
FpMultDiv: 1, RdWrPort: 1

L1 I$ 2-way, 32 KB, 2 cycles
L1 D$ 2-way, 32 KB, 2 cycles

IPC/Power/Area 0.9418/0.2027 W/5.6609 mm2

Background & Motivation: Findings
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Power×Area

1
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PPA Variations Comparison of Comparative Simulations

Baseline ROB×2 IntRF×2 FpRF×2
IQ×2 LQ×2 SQ×2 IntALU×2

IntMultDiv×2 FpALU×2 FpMultDiv×2 I$ size×2

I$ assoc.×2 D$ size×2 D$ assoc.×2

The bar, e.g., “ROB ×2”, indicates the microarchitecture is the same as the baseline except that it
doubles ROB.

• Doubling the number of physical integer registers improves performance by 23.05%
and enhances the PPA trade-off by 27.42%.

• Most instructions are stalled due to insufficient physical integer registers, which
results in 25.71% of instructions in 657.xz_s and 18.94% for 625.x264_s getting stalled
during renaming.

Background & Motivation: Findings
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An overview of the dynamic event-dependence graph.

• Critical path analysis13

13Brian Fields, Shai Rubin, and Rastislav Bodik (2001). “Focusing Processor Policies via
Critical-path Prediction”. In: IEEE/ACM International Symposium on Computer Architecture (ISCA).
IEEE, pp. 74–85.

Background & Motivation: Critical Path Analysis
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The former dynamic event dependence graph is inaccurate:
• The dependence and weights assignment are static without adhering to actual

microexecution.

• The critical path cannot accurately characterize the bottlenecks’ contributions to the
overall runtime, even if the modeled critical path length is strictly identical to the
simulation runtime.

Background & Motivation: Critical Path Analysis
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Lessons Learned & Design Principles
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edges and weights without following the actual
microexecution.

The critical path: 16 clock cycles = True simulation: 16 clock cycles
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(b) Previous DEG formulation cannot distinguish
overlapped events.

(a) and (b) uses Calipersa to demonstrate three kinds of error sources.

aHossein Golestani et al. (2022). “Calipers: A Criticality-aware Framework for Modeling
Processor Performance”. In: ACM International Conference on Supercomputing (ICS).
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Design Principles

• The dependencies contributing to execution time should be captured as much as
possible.

• Capturing more resource usages improves the utilization approximation.

• Concurrent events should be distinguishable.

• The distinguishability unveils whether we matter a concurrent event for
bottleneck contributions to the overall execution time.

Lessons Learned & Design Principles
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The ArchExplorer Approach



Simulation & Exploration set update

Early stopping?Y

N

1. New DEG Formulation of Microexecution

3. Bottleneck-removal-driven DSE

Initial design generationBenchmark

Design Space

2. Induced DEG & Critical Path Construction

Calculate Pareto frontier
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The ArchExplorer Approach: Overview

24/51



Highlights of new DEG formulation:
• Nodes represent pipeline stages, and edges represent dependencies.

• Align instructions w.r.t. the time instead of pipeline stages.

• Dynamic DEG construction.

• Ascertain the overlapped events.

The ArchExplorer Approach: New DEG Formulation
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I2
<latexit sha1_base64="5mbq9vJM7O0Fcica7tSjBGGAb9Q=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lwo7sKTlvoDCWTZtrQJDMkGaEM/Q03LhRx6z/4De78GzNtF9p64MLhnHvJyYlSzrRx3W9nZXVtfWOztFXe3tnd268cHLZ0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9FN4bcfqdIskQ9mnNJQ4IFkMSPYWCkIBDZDJfK7Sa/eq1TdmjsFWibenFRhjmav8hX0E5IJKg3hWOuu56YmzLEyjHA6KQeZpikmIzygXUslFlSH+TTzBJ1apY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNZVtCd7il5dJq17zLmsX9+fVhv85q6MEx3ACZ+DBFTTgFprgA4EUnuAFXp3MeXbenPfZ6oozr/AI/sD5+AFJcZKG</latexit>

I2: addiw a4, a5, 0

<latexit sha1_base64="Fu73SgFM2HlpZpKyOSgeL9IG5A4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+d0srq2vpGebOytb2zu1fdP2jpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k57Xq9bcujsFWibenNRgjmav+hX0E5IJKg3hWOuu56YmzLEyjHA6qQSZpikmIzygXUslFlSH+TTzBJ1YpY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNVVsCd7il5dJ66zuXdYv7s9rDf9zVkcZjuAYTsGDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1ZIzr/AQ/sD5+AFH7ZKF</latexit>

I1
<latexit sha1_base64="Fu73SgFM2HlpZpKyOSgeL9IG5A4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+d0srq2vpGebOytb2zu1fdP2jpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k57Xq9bcujsFWibenNRgjmav+hX0E5IJKg3hWOuu56YmzLEyjHA6qQSZpikmIzygXUslFlSH+TTzBJ1YpY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNVVsCd7il5dJ66zuXdYv7s9rDf9zVkcZjuAYTsGDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1ZIzr/AQ/sD5+AFH7ZKF</latexit>

I1: lw a5, -20(s0)

<latexit sha1_base64="LtiAgUy9RcRgDmIjUwXYm9qFF1I=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEHdWjALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNRBZKL</latexit>

I7
<latexit sha1_base64="LtiAgUy9RcRgDmIjUwXYm9qFF1I=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEHdWjALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNRBZKL</latexit>

I7: addiw a5, a5, 0
<latexit sha1_base64="RuxHKa5jE6jYvSd4Om5w851cxxs=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+dldW19Y3N0lZ5e2d3b79ycNjSSaYI9UnCE9WJsKacSeobZjjtpIpiEXHajkY3hd9+pEqzRD6YcUpDgQeSxYxgY6UgENgMlcjvJr16r1J1a+4UaJl4c1KFOZq9ylfQT0gmqDSEY627npuaMMfKMMLppBxkmqaYjPCAdi2VWFAd5tPME3RqlT6KE2VHGjRVf1/kWGg9FpHdLDLqRa8Q//O6mYnrYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEH19CAW2iCDwRSeIIXeHUy59l5c95nqyvOvMIj+APn4wdSiZKM</latexit>

I8
<latexit sha1_base64="RuxHKa5jE6jYvSd4Om5w851cxxs=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+dldW19Y3N0lZ5e2d3b79ycNjSSaYI9UnCE9WJsKacSeobZjjtpIpiEXHajkY3hd9+pEqzRD6YcUpDgQeSxYxgY6UgENgMlcjvJr16r1J1a+4UaJl4c1KFOZq9ylfQT0gmqDSEY627npuaMMfKMMLppBxkmqaYjPCAdi2VWFAd5tPME3RqlT6KE2VHGjRVf1/kWGg9FpHdLDLqRa8Q//O6mYnrYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEH19CAW2iCDwRSeIIXeHUy59l5c95nqyvOvMIj+APn4wdSiZKM</latexit>

I8: beq a5, ft0, 20
<latexit sha1_base64="XLvi4O2PTtJBbjT1fKhw0MNOzmM=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIz13Bje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWj1wIXDOfeSkxOlnGnjul9OaWl5ZXWtvF7Z2Nza3qnu7rV0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9F14bcfqNIskfdmnNJQ4IFkMSPYWCkIBDZDJfLbSe+qV625dXcK9Jd4c1KDOZq96mfQT0gmqDSEY627npuaMMfKMMLppBJkmqaYjPCAdi2VWFAd5tPME3RklT6KE2VHGjRVf17kWGg9FpHdLDLqRa8Q//O6mYkvw5zJNDNUktlDccaRSVBRAOozRYnhY0swUcxmRWSIFSbG1lSxJXiLX/5LWid177x+dndaa/gfszrKcACHcAweXEADbqAJPhBI4RGe4cXJnCfn1XmbrZaceYX78AvO+zdUDZKN</latexit>

I9
<latexit sha1_base64="XLvi4O2PTtJBbjT1fKhw0MNOzmM=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIz13Bje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWj1wIXDOfeSkxOlnGnjul9OaWl5ZXWtvF7Z2Nza3qnu7rV0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9F14bcfqNIskfdmnNJQ4IFkMSPYWCkIBDZDJfLbSe+qV625dXcK9Jd4c1KDOZq96mfQT0gmqDSEY627npuaMMfKMMLppBJkmqaYjPCAdi2VWFAd5tPME3RklT6KE2VHGjRVf17kWGg9FpHdLDLqRa8Q//O6mYkvw5zJNDNUktlDccaRSVBRAOozRYnhY0swUcxmRWSIFSbG1lSxJXiLX/5LWid177x+dndaa/gfszrKcACHcAweXEADbqAJPhBI4RGe4cXJnCfn1XmbrZaceYX78AvO+zdUDZKN</latexit>

I9: lw a5, -36(s0)
D/IDC R MF1 F2/F P C

1
DC R IF1 F2/F P C

1

D/IDC R PF1 F2/F C

F1 F2/F

22 1 2 3

1 22 1 4

1 2 12 7

2 1
DC R

DP

DP I P C

D/IDC R MF1 F2/F P C
1 1 22 1 2 3

DPDC RF1 F2/F I P
1 1 22

3
3

C

DPDC RF1 F2/F I P
1 1 22 4 1 C

DPDC RF1 F2/F I P
1 1 22 5 1

C

D/IDC R MF1 F2/F P C
2 1 22 1 2 4

1 3
3

1 1

1 21 4 33

1

6

5

1

1

3

3

Critical Path Length: 43 cycles

The coordinates of 
<latexit sha1_base64="XhtmaXxONNs19YuzblicEUTovOI=">AAACA3icbZDLSgMxFIYzXmu9jbrTTbAIdVNmpF6WBTe6q+C0hXYomTTThiaZIckIZRhw46u4caGIW8FncOfbmGkLausPgY//nHDO+YOYUaUd58taWFxaXlktrBXXNza3tu2d3YaKEomJhyMWyVaAFGFUEE9TzUgrlgTxgJFmMLzM6807IhWNxK0excTnqC9oSDHSxura+x2O9EDy9Dor/2A3rWbHXbvkVJyx4Dy4UyiBqepd+7PTi3DCidCYIaXarhNrP0VSU8xIVuwkisQID1GftA0KxIny0/ENGTwyTg+GkTRPaDh2f/9IEVdqxAPTma+pZmu5+V+tnejwwk+piBNNBJ4MChMGdQTzQGCPSoI1GxlAWFKzK8QDJBHWJraiCcGdPXkeGicV96xyelMt1byPSRwFcAAOQRm44BzUwBWoAw9gcA8ewTN4sR6sJ+vVepu0LljTCPfAH1nv32+8mLQ=</latexit>

I(I4)
<latexit sha1_base64="XhtmaXxONNs19YuzblicEUTovOI=">AAACA3icbZDLSgMxFIYzXmu9jbrTTbAIdVNmpF6WBTe6q+C0hXYomTTThiaZIckIZRhw46u4caGIW8FncOfbmGkLausPgY//nHDO+YOYUaUd58taWFxaXlktrBXXNza3tu2d3YaKEomJhyMWyVaAFGFUEE9TzUgrlgTxgJFmMLzM6807IhWNxK0excTnqC9oSDHSxura+x2O9EDy9Dor/2A3rWbHXbvkVJyx4Dy4UyiBqepd+7PTi3DCidCYIaXarhNrP0VSU8xIVuwkisQID1GftA0KxIny0/ENGTwyTg+GkTRPaDh2f/9IEVdqxAPTma+pZmu5+V+tnejwwk+piBNNBJ4MChMGdQTzQGCPSoI1GxlAWFKzK8QDJBHWJraiCcGdPXkeGicV96xyelMt1byPSRwFcAAOQRm44BzUwBWoAw9gcA8ewTN4sR6sJ+vVepu0LljTCPfAH1nv32+8mLQ=</latexit>

I(I4) is (10, 4)Concurrent events

F1

F2/F

Request to I$ F2 Response from I$ F Fetch DC Decode R Rename DP Dispatch I Issue M Memory P Complete C Commit

D/I Merge Dispatch&IssueMerge F2&F

Pipeline Latency: 20 cycles D$ Access Latency: 8 cycles True Data Dependence Latency: 3 cycles Squash Latency due to Branch Miss Prediction: 6 cyclesI$ Access Latency: 6 cycles

F1 Start Vertex C Terminate Vertex Critical path

<latexit sha1_base64="ShNtn5AYAnpQtznInW+9T8FlbBE=">AAAB+HicbVDLTgIxFO34RHww6tJNIzFxRWaMryWJG5eYMEACE9IpBRrazqS9Y8QJX+LGhca49Qv8Bnf+jWVgoeBJbnJyzr23tydKBDfged/Oyura+sZmYau4vbO7V3L3DxomTjVlAY1FrFsRMUxwxQLgIFgr0YzISLBmNLqZ+s17pg2PVR3GCQslGSje55SAlbpuqQPsAbI6l/mKSdctexUvB14m/pyU0Ry1rvvV6cU0lUwBFcSYtu8lEGZEA6eCTYqd1LCE0BEZsLalikhmwiw/fIJPrNLD/VjbUoBz9fdERqQxYxnZTklgaBa9qfif106hfx1mXCUpMEVnD/VTgSHG0xRwj2tGQYwtIVRzeyumQ6IJBZtV0YbgL355mTTOKv5l5eLuvFwNPmdxFNAROkanyEdXqIpuUQ0FiKIUPaEX9Oo8Os/Om/M+a11x5hEeoj9wPn4ArQSUbg==</latexit>

Timeline
<latexit sha1_base64="ll7hIdhq8AinzQWT31rYVvLq+ZY=">AAAB9HicbZDLSsNAFIYn9VbrrerSTbAIbiyJeFsW3LisYNpCG8pketIOnUzizElpCX0ONy4Ucesz+AzufBunl4W2/jDw8f9nmDN/kAiu0XG+rdzK6tr6Rn6zsLW9s7tX3D+o6ThVDDwWi1g1AqpBcAkechTQSBTQKBBQD/q3k7w+AKV5LB9wlIAf0a7kIWcUjeW3EIaYNc7okOtxu1hyys5U9jK4cyiRuart4lerE7M0AolMUK2brpOgn1GFnAkYF1qphoSyPu1C06CkEWg/my49tk+M07HDWJkj0Z66v29kNNJ6FAVmMqLY04vZxPwva6YY3vgZl0mKINnsoTAVNsb2pAG7wxUwFCMDlCludrVZjyrK0PRUMCW4i19ehtp52b0qX95flCre56yOPDkix+SUuOSaVMgdqRKPMPJInsgLebUG1rP1Zr3PRnPWvMJD8kfWxw9fe5Ms</latexit>

X-axis

<latexit sha1_base64="8zoVi0N2vdjp5uPd3uJex3NGtHQ=">AAAB9HicbZDLSsNAFIYnXmu9VV26CRbBjSURb8uCG5cVTFtpQ5lMT9qhk0mcOSktoc/hxoUibn0Gn8Gdb+P0stDWHwY+/v8Mc+YPEsE1Os63tbS8srq2ntvIb25t7+wW9varOk4VA4/FIlb1gGoQXIKHHAXUEwU0CgTUgt7NOK/1QWkey3scJuBHtCN5yBlFY/lNhAFmD6d0wPWoVSg6JWciexHcGRTJTJVW4avZjlkagUQmqNYN10nQz6hCzgSM8s1UQ0JZj3agYVDSCLSfTZYe2cfGadthrMyRaE/c3zcyGmk9jAIzGVHs6vlsbP6XNVIMr/2MyyRFkGz6UJgKG2N73IDd5goYiqEByhQ3u9qsSxVlaHrKmxLc+S8vQvWs5F6WLu7Oi2Xvc1pHjhySI3JCXHJFyuSWVIhHGHkkT+SFvFp969l6s96no0vWrMID8kfWxw9hBZMt</latexit> Y
-a

x
is

<latexit sha1_base64="q6mwRjPDPSQXyT1J5UT+Wo9GghU=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwCrviqwzYaBfRPCAJYXZykwyZnV1n7ophSWHjr9hYKGIrfoOdf+PkUWjigQuHc+5l5hw/ksKg6347qYXFpeWV9GpmbX1jcyu7vVMxYaw5lHkoQ13zmQEpFJRRoIRapIEFvoSq3z8f+dU70EaE6gYHETQD1lWiIzhDK7WyuQbCPSaXyqCO+Uij13Abg+IwbGXzbsEdg84Tb0ryZIpSK/vVaIc8DkAhl8yYuudG2EyYRsElDDON2EDEeJ91oW6pYgGYZjIOMaT7VmnTTqjtKKRj9fdFwgJjBoFvNwOGPTPrjcT/vHqMnbNmIlQUo401eagTS4ohHTVC20IDRzmwhHEt7F8p7zHNONreMrYEbzbyPKkcFryTwvHVUb5Y/pzUkSY5skcOiEdOSZFckBIpE04eyBN5Ia/Oo/PsvDnvk9WUM61wl/yB8/EDCiGZqg==</latexit> In
st

ru
ct

io
n

S
eq

u
en

ce

<latexit sha1_base64="HQ+9vNxwMLTOdleWyVvokomSnjQ=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybqpl3XLFbfqToAWiTcjFZih3i1/dXoRSQSVhnCsddtzYxOkWBlGOM1KnUTTGJMRHtC2pRILqoN0kjpDR1bpoX6k7EiDJurvixQLrccitJt5Sj3v5eJ/Xjsx/csgZTJODJVk+lA/4chEKK8A9ZiixPCxJZgoZrMiMsQKE2OLKtkSvPkvL5LGSdU7r57dnlZq/ue0jiIcwCEcgwcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9XC86swn34A+fjBxQSk5E=</latexit>

I1

<latexit sha1_base64="urIM5ETtEvOMDQWQqvvjb+AfPRc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZnia1lwo7sKTltox5JJ0zY0yQxJRinD/IcbF4q49Rf8Bnf+jZm2C209cOFwzr3k5IQxZ9q47reztLyyurZe2Chubm3v7Jb29hs6ShShPol4pFoh1pQzSX3DDKetWFEsQk6b4egq95sPVGkWyTszjmkg8ECyPiPYWOm+I7AZKpHeZN20mnVLZbfiToAWiTcjZZih3i19dXoRSQSVhnCsddtzYxOkWBlGOM2KnUTTGJMRHtC2pRILqoN0kjpDx1bpoX6k7EiDJurvixQLrccitJt5Sj3v5eJ/Xjsx/csgZTJODJVk+lA/4chEKK8A9ZiixPCxJZgoZrMiMsQKE2OLKtoSvPkvL5JGteKdV85uT8s1/3NaRwEO4QhOwIMLqME11MEHAgqe4AVenUfn2Xlz3qerS86swgP4A+fjBxWXk5I=</latexit>

I2

<latexit sha1_base64="gXkOMuN8Vg1lS56T5x/Esq0I+fk=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnfy4Ib3VVw2kI7lkyaaUOTzJBklDLMf7hxoYhbf8FvcOffmD4W2nrgwuGce8nJCRPOtHHdb2dhcWl5ZbWwVlzf2NzaLu3s1nWcKkJ9EvNYNUOsKWeS+oYZTpuJoliEnDbCwdXIbzxQpVks78wwoYHAPckiRrCx0n1bYNNXIrvJO9lJ3imV3Yo7Bpon3pSUYYpap/TV7sYkFVQawrHWLc9NTJBhZRjhNC+2U00TTAa4R1uWSiyoDrJx6hwdWqWLoljZkQaN1d8XGRZaD0VoN0cp9aw3Ev/zWqmJLoOMySQ1VJLJQ1HKkYnRqALUZYoSw4eWYKKYzYpIHytMjC2qaEvwZr88T+rHFe+8cnZ7Wq76n5M6CrAPB3AEHlxAFa6hBj4QUPAEL/DqPDrPzpvzPlldcKYV7sEfOB8/FxyTkw==</latexit>

I3

<latexit sha1_base64="Xdy7AQ+fS8sth6YBR5NhPVj0dI4=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybrpadYtV9yqOwFaJN6MVGCGerf81elFJBFUGsKx1m3PjU2QYmUY4TQrdRJNY0xGeEDblkosqA7SSeoMHVmlh/qRsiMNmqi/L1IstB6L0G7mKfW8l4v/ee3E9C+DlMk4MVSS6UP9hCMTobwC1GOKEsPHlmCimM2KyBArTIwtqmRL8Oa/vEgaJ1XvvHp2e1qp+Z/TOopwAIdwDB5cQA2uoQ4+EFDwBC/w6jw6z86b8z5dLTizCvfhD5yPHxihk5Q=</latexit>

I4

<latexit sha1_base64="OKmoDqXwfDyUKdmtsMdYGCFPdaM=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmx6rLgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3XqnenpVr/ue0jgIcwhGcgAcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDxomk5U=</latexit>

I5

<latexit sha1_base64="EE+LVw60c7S6+L6dSKyTSzW8ric=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnR6rLgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04pXrZzfnpVr/ue0jgIcwhGcgAcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDxurk5Y=</latexit>

I6

<latexit sha1_base64="+dj7Xz3bbx0lBo29Wy5Cvbnl0iE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3UTm/PSvX/M9pHQU4hCM4AQ+qUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDx0wk5c=</latexit>

I7

<latexit sha1_base64="AtXinfFx0Ij2r34eTeB8g62YWs4=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut/O0vLK6tp6YaO4ubW9s1va22/oKFGE+iTikWqFWFPOJPUNM5y2YkWxCDlthqOr3G8+UKVZJO/MOKaBwAPJ+oxgY6X7jsBmqER6k3XTatYtld2KOwFaJN6MlGGGerf01elFJBFUGsKx1m3PjU2QYmUY4TQrdhJNY0xGeEDblkosqA7SSeoMHVulh/qRsiMNmqi/L1IstB6L0G7mKfW8l4v/ee3E9KtBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3UTm/PSvX/M9pHQU4hCM4AQ8uoQbXUAcfCCh4ghd4dR6dZ+fNeZ+uLjmzCg/gD5yPHx61k5g=</latexit>

I8

<latexit sha1_base64="11H2TPfB3dJHiWbZm52TIO35q5I=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnxuSu40V0Fpy20Y8mkmTY0yQxJRinD/IcbF4q49Rf8Bnf+jeljoa0HLhzOuZecnDDhTBvX/XYWFpeWV1YLa8X1jc2t7dLObl3HqSLUJzGPVTPEmnImqW+Y4bSZKIpFyGkjHFyN/MYDVZrF8s4MExoI3JMsYgQbK923BTZ9JbKbvJNd5p1S2a24Y6B54k1JGaaodUpf7W5MUkGlIRxr3fLcxAQZVoYRTvNiO9U0wWSAe7RlqcSC6iAbp87RoVW6KIqVHWnQWP19kWGh9VCEdnOUUs96I/E/r5Wa6CLImExSQyWZPBSlHJkYjSpAXaYoMXxoCSaK2ayI9LHCxNiiirYEb/bL86R+XPHOKqe3J+Wq/zmpowD7cABH4ME5VOEaauADAQVP8AKvzqPz7Lw575PVBWda4R78gfPxAyA6k5k=</latexit>

I9

An overview of the new DEG formulation of microexecution. The critical path is highlighted in red.

The ArchExplorer Approach: New DEG Formulation
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Table: The dependence specification

Type Edge Description

Pipeline dependence

F1(i)→ F2(i) Send a request to I$, and get a response for instruction i.
F2(i)→ F(i) I$ puts the instruction i in the fetch buffer, and the fetch stage performs pre-decode or predictions.
F(i)→ DC(i) The fetch stage send instruction i to the decoder.
DC(i)→ R(i) The decode stage send µ-ops of instruction i to the rename.
R(i)→ DP(i) The rename stage send instruction i to dispatch.
DP(i)→ I(i) Schedule instruction i to issue.
I(i)→ P(i)

Execute instruction i with suitable functional units like ALUs or read/write ports.
I(i)→M(i)→ P(i)

P(i)→ C(i) Commit instruction i after it is finished execution.
Misprediction dependence P(i)→ F1(i + 1) Instruction i encounters a branch/memory address dependence misprediction.

Hardware resource dependence

R(i)→ R(j)
Insufficient resources delays instruction j, and j requires those resources that instruction i releases.
The edge insertion is according to the scoreboard.
The resources include ROB, IQ, LQ, SQ, as well as physical integer and floating-point registers.

I(i)→ I(j) Insufficient resources delays instruction j, and j requires those resources that instruction i releases.
The resources are functional units, e.g., integer/floating-point ALUs, dividers, etc.

True data dependence I(i)→ I(j) The true data dependence.
The delayed cycles are either due to D$ access or the execution of functional units.

The ArchExplorer Approach: New DEG Formulation
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DDC R IF1 F2/F M/P C
DDC R IF1 F2/F M/P C
DDC R M/PF1 F2/F I C

DDC RF1 F2/F C

DDC R IF1 F2/F M/P C

DDC R IF1 F2/F M/P C

DDC R IF1 F2/F M/P C

DDC R IF1 F2/F M/P C
DF DF1 F2 I

DF DF1 F2 I

M/PI

M/P

M/P

C

C

2 1 1 2 2 1 3
2 1 1 2 2 1 3

2 1 1 2 3 1 3

2 1 1 2 3 3

2 1 1 2

2 1 1 2
2 1 1 2
2 1 1 2

2 1 1 1

4

4

3

3

1

15 3

R
2

R
5
5

1

3

3
1 3

5

2 1 1 1 2

1
1

1

1
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<latexit sha1_base64="8zoVi0N2vdjp5uPd3uJex3NGtHQ=">AAAB9HicbZDLSsNAFIYnXmu9VV26CRbBjSURb8uCG5cVTFtpQ5lMT9qhk0mcOSktoc/hxoUibn0Gn8Gdb+P0stDWHwY+/v8Mc+YPEsE1Os63tbS8srq2ntvIb25t7+wW9varOk4VA4/FIlb1gGoQXIKHHAXUEwU0CgTUgt7NOK/1QWkey3scJuBHtCN5yBlFY/lNhAFmD6d0wPWoVSg6JWciexHcGRTJTJVW4avZjlkagUQmqNYN10nQz6hCzgSM8s1UQ0JZj3agYVDSCLSfTZYe2cfGadthrMyRaE/c3zcyGmk9jAIzGVHs6vlsbP6XNVIMr/2MyyRFkGz6UJgKG2N73IDd5goYiqEByhQ3u9qsSxVlaHrKmxLc+S8vQvWs5F6WLu7Oi2Xvc1pHjhySI3JCXHJFyuSWVIhHGHkkT+SFvFp969l6s96no0vWrMID8kfWxw9hBZMt</latexit> Y
-a

x
is

<latexit sha1_base64="q6mwRjPDPSQXyT1J5UT+Wo9GghU=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwCrviqwzYaBfRPCAJYXZykwyZnV1n7ophSWHjr9hYKGIrfoOdf+PkUWjigQuHc+5l5hw/ksKg6347qYXFpeWV9GpmbX1jcyu7vVMxYaw5lHkoQ13zmQEpFJRRoIRapIEFvoSq3z8f+dU70EaE6gYHETQD1lWiIzhDK7WyuQbCPSaXyqCO+Uij13Abg+IwbGXzbsEdg84Tb0ryZIpSK/vVaIc8DkAhl8yYuudG2EyYRsElDDON2EDEeJ91oW6pYgGYZjIOMaT7VmnTTqjtKKRj9fdFwgJjBoFvNwOGPTPrjcT/vHqMnbNmIlQUo401eagTS4ohHTVC20IDRzmwhHEt7F8p7zHNONreMrYEbzbyPKkcFryTwvHVUb5Y/pzUkSY5skcOiEdOSZFckBIpE04eyBN5Ia/Oo/PsvDnvk9WUM61wl/yB8/EDCiGZqg==</latexit> In
st

ru
ct

io
n

S
eq

u
en

ce

<latexit sha1_base64="ShNtn5AYAnpQtznInW+9T8FlbBE=">AAAB+HicbVDLTgIxFO34RHww6tJNIzFxRWaMryWJG5eYMEACE9IpBRrazqS9Y8QJX+LGhca49Qv8Bnf+jWVgoeBJbnJyzr23tydKBDfged/Oyura+sZmYau4vbO7V3L3DxomTjVlAY1FrFsRMUxwxQLgIFgr0YzISLBmNLqZ+s17pg2PVR3GCQslGSje55SAlbpuqQPsAbI6l/mKSdctexUvB14m/pyU0Ry1rvvV6cU0lUwBFcSYtu8lEGZEA6eCTYqd1LCE0BEZsLalikhmwiw/fIJPrNLD/VjbUoBz9fdERqQxYxnZTklgaBa9qfif106hfx1mXCUpMEVnD/VTgSHG0xRwj2tGQYwtIVRzeyumQ6IJBZtV0YbgL355mTTOKv5l5eLuvFwNPmdxFNAROkanyEdXqIpuUQ0FiKIUPaEX9Oo8Os/Om/M+a11x5hEeoj9wPn4ArQSUbg==</latexit>

Timeline
<latexit sha1_base64="ll7hIdhq8AinzQWT31rYVvLq+ZY=">AAAB9HicbZDLSsNAFIYn9VbrrerSTbAIbiyJeFsW3LisYNpCG8pketIOnUzizElpCX0ONy4Ucesz+AzufBunl4W2/jDw8f9nmDN/kAiu0XG+rdzK6tr6Rn6zsLW9s7tX3D+o6ThVDDwWi1g1AqpBcAkechTQSBTQKBBQD/q3k7w+AKV5LB9wlIAf0a7kIWcUjeW3EIaYNc7okOtxu1hyys5U9jK4cyiRuart4lerE7M0AolMUK2brpOgn1GFnAkYF1qphoSyPu1C06CkEWg/my49tk+M07HDWJkj0Z66v29kNNJ6FAVmMqLY04vZxPwva6YY3vgZl0mKINnsoTAVNsb2pAG7wxUwFCMDlCludrVZjyrK0PRUMCW4i19ehtp52b0qX95flCre56yOPDkix+SUuOSaVMgdqRKPMPJInsgLebUG1rP1Zr3PRnPWvMJD8kfWxw9fe5Ms</latexit>

X-axis

1

1
1

<latexit sha1_base64="Fu73SgFM2HlpZpKyOSgeL9IG5A4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+d0srq2vpGebOytb2zu1fdP2jpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k57Xq9bcujsFWibenNRgjmav+hX0E5IJKg3hWOuu56YmzLEyjHA6qQSZpikmIzygXUslFlSH+TTzBJ1YpY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNVVsCd7il5dJ66zuXdYv7s9rDf9zVkcZjuAYTsGDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1ZIzr/AQ/sD5+AFH7ZKF</latexit>

I1

<latexit sha1_base64="5mbq9vJM7O0Fcica7tSjBGGAb9Q=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lwo7sKTlvoDCWTZtrQJDMkGaEM/Q03LhRx6z/4De78GzNtF9p64MLhnHvJyYlSzrRx3W9nZXVtfWOztFXe3tnd268cHLZ0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9FN4bcfqdIskQ9mnNJQ4IFkMSPYWCkIBDZDJfK7Sa/eq1TdmjsFWibenFRhjmav8hX0E5IJKg3hWOuu56YmzLEyjHA6KQeZpikmIzygXUslFlSH+TTzBJ1apY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNZVtCd7il5dJq17zLmsX9+fVhv85q6MEx3ACZ+DBFTTgFprgA4EUnuAFXp3MeXbenPfZ6oozr/AI/sD5+AFJcZKG</latexit>

I2

<latexit sha1_base64="3H/PMd0riqUC/NGBQjfV1p7DPuc=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsz4Xhbc6K6C0xY6Q8mkmTY0yQxJRihDf8ONC0Xc+g9+gzv/xkzbhVYPXDiccy85OVHKmTau++WUlpZXVtfK65WNza3tneruXksnmSLUJwlPVCfCmnImqW+Y4bSTKopFxGk7Gl0XfvuBKs0SeW/GKQ0FHkgWM4KNlYJAYDNUIr+d9E571Zpbd6dAf4k3JzWYo9mrfgb9hGSCSkM41rrruakJc6wMI5xOKkGmaYrJCA9o11KJBdVhPs08QUdW6aM4UXakQVP150WOhdZjEdnNIqNe9ArxP6+bmfgqzJlMM0MlmT0UZxyZBBUFoD5TlBg+tgQTxWxWRIZYYWJsTRVbgrf45b+kdVL3Lurnd2e1hv8xq6MMB3AIx+DBJTTgBprgA4EUHuEZXpzMeXJenbfZasmZV7gPv+C8fwNK9ZKH</latexit>

I3

<latexit sha1_base64="Q5HxzX3IXXRE7srJgOewQY+drWU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+d0srq2vpGebOytb2zu1fdP2jpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k955r1pz6+4UaJl4c1KDOZq96lfQT0gmqDSEY627npuaMMfKMMLppBJkmqaYjPCAdi2VWFAd5tPME3RilT6KE2VHGjRVf1/kWGg9FpHdLDLqRa8Q//O6mYmvw5zJNDNUktlDccaRSVBRAOozRYnhY0swUcxmRWSIFSbG1lSxJXiLX14mrbO6d1m/uD+vNfzPWR1lOIJjOAUPrqABt9AEHwik8AQv8OpkzrPz5rzPVkvOvMJD+APn4wdMeZKI</latexit>

I4

<latexit sha1_base64="g/j+lrd8Q9cNpGQCnoYrj5XHVto=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRmx6rLgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6zV7y+qDf9zVkcJjuEEzsCDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNN/ZKJ</latexit>

I5

<latexit sha1_base64="nlblp5HxENLHbyWY42Agm5S9Duo=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnR6rLgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNq9cu7y+qDf9zVkcJjuEEzsCDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNPgZKK</latexit>

I6

<latexit sha1_base64="LtiAgUy9RcRgDmIjUwXYm9qFF1I=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEHdWjALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNRBZKL</latexit>

I7

<latexit sha1_base64="RuxHKa5jE6jYvSd4Om5w851cxxs=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+dldW19Y3N0lZ5e2d3b79ycNjSSaYI9UnCE9WJsKacSeobZjjtpIpiEXHajkY3hd9+pEqzRD6YcUpDgQeSxYxgY6UgENgMlcjvJr16r1J1a+4UaJl4c1KFOZq9ylfQT0gmqDSEY627npuaMMfKMMLppBxkmqaYjPCAdi2VWFAd5tPME3RqlT6KE2VHGjRVf1/kWGg9FpHdLDLqRa8Q//O6mYnrYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEH19CAW2iCDwRSeIIXeHUy59l5c95nqyvOvMIj+APn4wdSiZKM</latexit>

I8

<latexit sha1_base64="XLvi4O2PTtJBbjT1fKhw0MNOzmM=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIz13Bje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWj1wIXDOfeSkxOlnGnjul9OaWl5ZXWtvF7Z2Nza3qnu7rV0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9F14bcfqNIskfdmnNJQ4IFkMSPYWCkIBDZDJfLbSe+qV625dXcK9Jd4c1KDOZq96mfQT0gmqDSEY627npuaMMfKMMLppBJkmqaYjPCAdi2VWFAd5tPME3RklT6KE2VHGjRVf17kWGg9FpHdLDLqRa8Q//O6mYkvw5zJNDNUktlDccaRSVBRAOozRYnhY0swUcxmRWSIFSbG1lSxJXiLX/5LWid177x+dndaa/gfszrKcACHcAweXEADbqAJPhBI4RGe4cXJnCfn1XmbrZaceYX78AvO+zdUDZKN</latexit>

I9

<latexit sha1_base64="2hDWP6q95R7CJ/SaUXcMLkKuS/g=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHluHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxA/7mk/w=</latexit>

I10

The new DEG formulation is applied w.r.t. the code snippet as shown in Figure 4b. And it identifies
the true read/write ports usage dependencies, i.e., I(I1) → I(I4), I(I4) → I(I5), I(I5) → I(I8), and
I(I8) → I(I9).

The ArchExplorer Approach: New DEG Formulation
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Induced DEG
A connected DEG consisting of horizontal, “skewed”, and virtual edges. The virtual edges
are added to make the new DEG connected.

Rules for constructing Induced DEG:
• Connect nodes via time if the two nodes’ time are the closest.

• Connect nodes via instruction sequence if the two nodes’ instruction sequence are the
closest.

The ArchExplorer Approach: Critical Path Construction
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<latexit sha1_base64="ShNtn5AYAnpQtznInW+9T8FlbBE=">AAAB+HicbVDLTgIxFO34RHww6tJNIzFxRWaMryWJG5eYMEACE9IpBRrazqS9Y8QJX+LGhca49Qv8Bnf+jWVgoeBJbnJyzr23tydKBDfged/Oyura+sZmYau4vbO7V3L3DxomTjVlAY1FrFsRMUxwxQLgIFgr0YzISLBmNLqZ+s17pg2PVR3GCQslGSje55SAlbpuqQPsAbI6l/mKSdctexUvB14m/pyU0Ry1rvvV6cU0lUwBFcSYtu8lEGZEA6eCTYqd1LCE0BEZsLalikhmwiw/fIJPrNLD/VjbUoBz9fdERqQxYxnZTklgaBa9qfif106hfx1mXCUpMEVnD/VTgSHG0xRwj2tGQYwtIVRzeyumQ6IJBZtV0YbgL355mTTOKv5l5eLuvFwNPmdxFNAROkanyEdXqIpuUQ0FiKIUPaEX9Oo8Os/Om/M+a11x5hEeoj9wPn4ArQSUbg==</latexit>

Timeline
<latexit sha1_base64="ll7hIdhq8AinzQWT31rYVvLq+ZY=">AAAB9HicbZDLSsNAFIYn9VbrrerSTbAIbiyJeFsW3LisYNpCG8pketIOnUzizElpCX0ONy4Ucesz+AzufBunl4W2/jDw8f9nmDN/kAiu0XG+rdzK6tr6Rn6zsLW9s7tX3D+o6ThVDDwWi1g1AqpBcAkechTQSBTQKBBQD/q3k7w+AKV5LB9wlIAf0a7kIWcUjeW3EIaYNc7okOtxu1hyys5U9jK4cyiRuart4lerE7M0AolMUK2brpOgn1GFnAkYF1qphoSyPu1C06CkEWg/my49tk+M07HDWJkj0Z66v29kNNJ6FAVmMqLY04vZxPwva6YY3vgZl0mKINnsoTAVNsb2pAG7wxUwFCMDlCludrVZjyrK0PRUMCW4i19ehtp52b0qX95flCre56yOPDkix+SUuOSaVMgdqRKPMPJInsgLebUG1rP1Zr3PRnPWvMJD8kfWxw9fe5Ms</latexit>

X-axisDPDC R IF1 F2/F P C
2

<latexit sha1_base64="EE+LVw60c7S6+L6dSKyTSzW8ric=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnR6rLgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04pXrZzfnpVr/ue0jgIcwhGcgAcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDxurk5Y=</latexit>

I6
<latexit sha1_base64="EE+LVw60c7S6+L6dSKyTSzW8ric=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnR6rLgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04pXrZzfnpVr/ue0jgIcwhGcgAcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDxurk5Y=</latexit>

I6: add a5, a4, a5

<latexit sha1_base64="OKmoDqXwfDyUKdmtsMdYGCFPdaM=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmx6rLgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3XqnenpVr/ue0jgIcwhGcgAcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDxomk5U=</latexit>

I5
<latexit sha1_base64="OKmoDqXwfDyUKdmtsMdYGCFPdaM=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmx6rLgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3XqnenpVr/ue0jgIcwhGcgAcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDxomk5U=</latexit>

I5: ld a4, -48(s0)

<latexit sha1_base64="Xdy7AQ+fS8sth6YBR5NhPVj0dI4=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybrpadYtV9yqOwFaJN6MVGCGerf81elFJBFUGsKx1m3PjU2QYmUY4TQrdRJNY0xGeEDblkosqA7SSeoMHVmlh/qRsiMNmqi/L1IstB6L0G7mKfW8l4v/ee3E9C+DlMk4MVSS6UP9hCMTobwC1GOKEsPHlmCimM2KyBArTIwtqmRL8Oa/vEgaJ1XvvHp2e1qp+Z/TOopwAIdwDB5cQA2uoQ4+EFDwBC/w6jw6z86b8z5dLTizCvfhD5yPHxihk5Q=</latexit>

I4
<latexit sha1_base64="Xdy7AQ+fS8sth6YBR5NhPVj0dI4=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybrpadYtV9yqOwFaJN6MVGCGerf81elFJBFUGsKx1m3PjU2QYmUY4TQrdRJNY0xGeEDblkosqA7SSeoMHVmlh/qRsiMNmqi/L1IstB6L0G7mKfW8l4v/ee3E9C+DlMk4MVSS6UP9hCMTobwC1GOKEsPHlmCimM2KyBArTIwtqmRL8Oa/vEgaJ1XvvHp2e1qp+Z/TOopwAIdwDB5cQA2uoQ4+EFDwBC/w6jw6z86b8z5dLTizCvfhD5yPHxihk5Q=</latexit>

I4: addi a5, a5, -4

<latexit sha1_base64="gXkOMuN8Vg1lS56T5x/Esq0I+fk=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnfy4Ib3VVw2kI7lkyaaUOTzJBklDLMf7hxoYhbf8FvcOffmD4W2nrgwuGce8nJCRPOtHHdb2dhcWl5ZbWwVlzf2NzaLu3s1nWcKkJ9EvNYNUOsKWeS+oYZTpuJoliEnDbCwdXIbzxQpVks78wwoYHAPckiRrCx0n1bYNNXIrvJO9lJ3imV3Yo7Bpon3pSUYYpap/TV7sYkFVQawrHWLc9NTJBhZRjhNC+2U00TTAa4R1uWSiyoDrJx6hwdWqWLoljZkQaN1d8XGRZaD0VoN0cp9aw3Ev/zWqmJLoOMySQ1VJLJQ1HKkYnRqALUZYoSw4eWYKKYzYpIHytMjC2qaEvwZr88T+rHFe+8cnZ7Wq76n5M6CrAPB3AEHlxAFa6hBj4QUPAEL/DqPDrPzpvzPlldcKYV7sEfOB8/FxyTkw==</latexit>

I3
<latexit sha1_base64="gXkOMuN8Vg1lS56T5x/Esq0I+fk=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnfy4Ib3VVw2kI7lkyaaUOTzJBklDLMf7hxoYhbf8FvcOffmD4W2nrgwuGce8nJCRPOtHHdb2dhcWl5ZbWwVlzf2NzaLu3s1nWcKkJ9EvNYNUOsKWeS+oYZTpuJoliEnDbCwdXIbzxQpVks78wwoYHAPckiRrCx0n1bYNNXIrvJO9lJ3imV3Yo7Bpon3pSUYYpap/TV7sYkFVQawrHWLc9NTJBhZRjhNC+2U00TTAa4R1uWSiyoDrJx6hwdWqWLoljZkQaN1d8XGRZaD0VoN0cp9aw3Ev/zWqmJLoOMySQ1VJLJQ1HKkYnRqALUZYoSw4eWYKKYzYpIHytMjC2qaEvwZr88T+rHFe+8cnZ7Wq76n5M6CrAPB3AEHlxAFa6hBj4QUPAEL/DqPDrPzpvzPlldcKYV7sEfOB8/FxyTkw==</latexit>

I3: slli a5, a5, 2

<latexit sha1_base64="urIM5ETtEvOMDQWQqvvjb+AfPRc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZnia1lwo7sKTltox5JJ0zY0yQxJRinD/IcbF4q49Rf8Bnf+jZm2C209cOFwzr3k5IQxZ9q47reztLyyurZe2Chubm3v7Jb29hs6ShShPol4pFoh1pQzSX3DDKetWFEsQk6b4egq95sPVGkWyTszjmkg8ECyPiPYWOm+I7AZKpHeZN20mnVLZbfiToAWiTcjZZih3i19dXoRSQSVhnCsddtzYxOkWBlGOM2KnUTTGJMRHtC2pRILqoN0kjpDx1bpoX6k7EiDJurvixQLrccitJt5Sj3v5eJ/Xjsx/csgZTJODJVk+lA/4chEKK8A9ZiixPCxJZgoZrMiMsQKE2OLKtoSvPkvL5JGteKdV85uT8s1/3NaRwEO4QhOwIMLqME11MEHAgqe4AVenUfn2Xlz3qerS86swgP4A+fjBxWXk5I=</latexit>

I2
<latexit sha1_base64="urIM5ETtEvOMDQWQqvvjb+AfPRc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZnia1lwo7sKTltox5JJ0zY0yQxJRinD/IcbF4q49Rf8Bnf+jZm2C209cOFwzr3k5IQxZ9q47reztLyyurZe2Chubm3v7Jb29hs6ShShPol4pFoh1pQzSX3DDKetWFEsQk6b4egq95sPVGkWyTszjmkg8ECyPiPYWOm+I7AZKpHeZN20mnVLZbfiToAWiTcjZZih3i19dXoRSQSVhnCsddtzYxOkWBlGOM2KnUTTGJMRHtC2pRILqoN0kjpDx1bpoX6k7EiDJurvixQLrccitJt5Sj3v5eJ/Xjsx/csgZTJODJVk+lA/4chEKK8A9ZiixPCxJZgoZrMiMsQKE2OLKtoSvPkvL5JGteKdV85uT8s1/3NaRwEO4QhOwIMLqME11MEHAgqe4AVenUfn2Xlz3qerS86swgP4A+fjBxWXk5I=</latexit>

I2: lw a5, -20(s0)

<latexit sha1_base64="HQ+9vNxwMLTOdleWyVvokomSnjQ=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybqpl3XLFbfqToAWiTcjFZih3i1/dXoRSQSVhnCsddtzYxOkWBlGOM1KnUTTGJMRHtC2pRILqoN0kjpDR1bpoX6k7EiDJurvixQLrccitJt5Sj3v5eJ/Xjsx/csgZTJODJVk+lA/4chEKK8A9ZiixPCxJZgoZrMiMsQKE2OLKtkSvPkvL5LGSdU7r57dnlZq/ue0jiIcwCEcgwcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9XC86swn34A+fjBxQSk5E=</latexit>

I1
<latexit sha1_base64="HQ+9vNxwMLTOdleWyVvokomSnjQ=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybqpl3XLFbfqToAWiTcjFZih3i1/dXoRSQSVhnCsddtzYxOkWBlGOM1KnUTTGJMRHtC2pRILqoN0kjpDR1bpoX6k7EiDJurvixQLrccitJt5Sj3v5eJ/Xjsx/csgZTJODJVk+lA/4chEKK8A9ZiixPCxJZgoZrMiMsQKE2OLKtkSvPkvL5LGSdU7r57dnlZq/ue0jiIcwCEcgwcXUINrqIMPBBQ8wQu8Oo/Os/PmvE9XC86swn34A+fjBxQSk5E=</latexit>

I1: blt a5, a4, -376

<latexit sha1_base64="+dj7Xz3bbx0lBo29Wy5Cvbnl0iE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3UTm/PSvX/M9pHQU4hCM4AQ+qUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDx0wk5c=</latexit>

I7
<latexit sha1_base64="+dj7Xz3bbx0lBo29Wy5Cvbnl0iE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQjiWTpm1okhmSjFKG+Q83LhRx6y/4De78GzNtF9p64MLhnHvJyQljzrRx3W9naXlldW29sFHc3Nre2S3t7Td0lChCfRLxSLVCrClnkvqGGU5bsaJYhJw2w9FV7jcfqNIskndmHNNA4IFkfUawsdJ9R2AzVCK9ybppNeuWym7FnQAtEm9GyjBDvVv66vQikggqDeFY67bnxiZIsTKMcJoVO4mmMSYjPKBtSyUWVAfpJHWGjq3SQ/1I2ZEGTdTfFykWWo9FaDfzlHrey8X/vHZi+pdBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3UTm/PSvX/M9pHQU4hCM4AQ+qUINrqIMPBBQ8wQu8Oo/Os/PmvE9Xl5xZhQfwB87HDx0wk5c=</latexit>

I7: lw a5, 0(a5)
<latexit sha1_base64="AtXinfFx0Ij2r34eTeB8g62YWs4=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut/O0vLK6tp6YaO4ubW9s1va22/oKFGE+iTikWqFWFPOJPUNM5y2YkWxCDlthqOr3G8+UKVZJO/MOKaBwAPJ+oxgY6X7jsBmqER6k3XTatYtld2KOwFaJN6MlGGGerf01elFJBFUGsKx1m3PjU2QYmUY4TQrdhJNY0xGeEDblkosqA7SSeoMHVulh/qRsiMNmqi/L1IstB6L0G7mKfW8l4v/ee3E9KtBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3UTm/PSvX/M9pHQU4hCM4AQ8uoQbXUAcfCCh4ghd4dR6dZ+fNeZ+uLjmzCg/gD5yPHx61k5g=</latexit>

I8
<latexit sha1_base64="AtXinfFx0Ij2r34eTeB8g62YWs4=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hHUsmTdvQJDMkGaUM8x9uXCji1l/wG9z5N2baLrT1wIXDOfeSkxPGnGnjut/O0vLK6tp6YaO4ubW9s1va22/oKFGE+iTikWqFWFPOJPUNM5y2YkWxCDlthqOr3G8+UKVZJO/MOKaBwAPJ+oxgY6X7jsBmqER6k3XTatYtld2KOwFaJN6MlGGGerf01elFJBFUGsKx1m3PjU2QYmUY4TQrdhJNY0xGeEDblkosqA7SSeoMHVulh/qRsiMNmqi/L1IstB6L0G7mKfW8l4v/ee3E9KtBymScGCrJ9KF+wpGJUF4B6jFFieFjSzBRzGZFZIgVJsYWVbQlePNfXiSN04p3UTm/PSvX/M9pHQU4hCM4AQ8uoQbXUAcfCCh4ghd4dR6dZ+fNeZ+uLjmzCg/gD5yPHx61k5g=</latexit>

I8: sw a5, -24(s0)
<latexit sha1_base64="11H2TPfB3dJHiWbZm52TIO35q5I=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnxuSu40V0Fpy20Y8mkmTY0yQxJRinD/IcbF4q49Rf8Bnf+jeljoa0HLhzOuZecnDDhTBvX/XYWFpeWV1YLa8X1jc2t7dLObl3HqSLUJzGPVTPEmnImqW+Y4bSZKIpFyGkjHFyN/MYDVZrF8s4MExoI3JMsYgQbK923BTZ9JbKbvJNd5p1S2a24Y6B54k1JGaaodUpf7W5MUkGlIRxr3fLcxAQZVoYRTvNiO9U0wWSAe7RlqcSC6iAbp87RoVW6KIqVHWnQWP19kWGh9VCEdnOUUs96I/E/r5Wa6CLImExSQyWZPBSlHJkYjSpAXaYoMXxoCSaK2ayI9LHCxNiiirYEb/bL86R+XPHOKqe3J+Wq/zmpowD7cABH4ME5VOEaauADAQVP8AKvzqPz7Lw575PVBWda4R78gfPxAyA6k5k=</latexit>

I9
<latexit sha1_base64="11H2TPfB3dJHiWbZm52TIO35q5I=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnxuSu40V0Fpy20Y8mkmTY0yQxJRinD/IcbF4q49Rf8Bnf+jeljoa0HLhzOuZecnDDhTBvX/XYWFpeWV1YLa8X1jc2t7dLObl3HqSLUJzGPVTPEmnImqW+Y4bSZKIpFyGkjHFyN/MYDVZrF8s4MExoI3JMsYgQbK923BTZ9JbKbvJNd5p1S2a24Y6B54k1JGaaodUpf7W5MUkGlIRxr3fLcxAQZVoYRTvNiO9U0wWSAe7RlqcSC6iAbp87RoVW6KIqVHWnQWP19kWGh9VCEdnOUUs96I/E/r5Wa6CLImExSQyWZPBSlHJkYjSpAXaYoMXxoCSaK2ayI9LHCxNiiirYEb/bL86R+XPHOKqe3J+Wq/zmpowD7cABH4ME5VOEaauADAQVP8AKvzqPz7Lw575PVBWda4R78gfPxAyA6k5k=</latexit>

I9: lw a5, -20(s0)
<latexit sha1_base64="2hDWP6q95R7CJ/SaUXcMLkKuS/g=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHluHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxA/7mk/w=</latexit>

I10
<latexit sha1_base64="2hDWP6q95R7CJ/SaUXcMLkKuS/g=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHluHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxA/7mk/w=</latexit>

I10: slli a5, a5, 2
<latexit sha1_base64="MM8nAc7gux285NXgurqlfDcdZjs=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHleHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxAwB6k/0=</latexit>

I11
<latexit sha1_base64="MM8nAc7gux285NXgurqlfDcdZjs=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHleHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxAwB6k/0=</latexit>

I11: ld a4, -48(s0)

<latexit sha1_base64="8zoVi0N2vdjp5uPd3uJex3NGtHQ=">AAAB9HicbZDLSsNAFIYnXmu9VV26CRbBjSURb8uCG5cVTFtpQ5lMT9qhk0mcOSktoc/hxoUibn0Gn8Gdb+P0stDWHwY+/v8Mc+YPEsE1Os63tbS8srq2ntvIb25t7+wW9varOk4VA4/FIlb1gGoQXIKHHAXUEwU0CgTUgt7NOK/1QWkey3scJuBHtCN5yBlFY/lNhAFmD6d0wPWoVSg6JWciexHcGRTJTJVW4avZjlkagUQmqNYN10nQz6hCzgSM8s1UQ0JZj3agYVDSCLSfTZYe2cfGadthrMyRaE/c3zcyGmk9jAIzGVHs6vlsbP6XNVIMr/2MyyRFkGz6UJgKG2N73IDd5goYiqEByhQ3u9qsSxVlaHrKmxLc+S8vQvWs5F6WLu7Oi2Xvc1pHjhySI3JCXHJFyuSWVIhHGHkkT+SFvFp969l6s96no0vWrMID8kfWxw9hBZMt</latexit> Y
-a

x
is

<latexit sha1_base64="q6mwRjPDPSQXyT1J5UT+Wo9GghU=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwCrviqwzYaBfRPCAJYXZykwyZnV1n7ophSWHjr9hYKGIrfoOdf+PkUWjigQuHc+5l5hw/ksKg6347qYXFpeWV9GpmbX1jcyu7vVMxYaw5lHkoQ13zmQEpFJRRoIRapIEFvoSq3z8f+dU70EaE6gYHETQD1lWiIzhDK7WyuQbCPSaXyqCO+Uij13Abg+IwbGXzbsEdg84Tb0ryZIpSK/vVaIc8DkAhl8yYuudG2EyYRsElDDON2EDEeJ91oW6pYgGYZjIOMaT7VmnTTqjtKKRj9fdFwgJjBoFvNwOGPTPrjcT/vHqMnbNmIlQUo401eagTS4ohHTVC20IDRzmwhHEt7F8p7zHNONreMrYEbzbyPKkcFryTwvHVUb5Y/pzUkSY5skcOiEdOSZFckBIpE04eyBN5Ia/Oo/PsvDnvk9WUM61wl/yB8/EDCiGZqg==</latexit> In
st

ru
ct

io
n

S
eq

u
en

ce

F1 F2/F DC R

F1 F2/F DC R

F1 F2/F DC R

F1 F2/F DC R

F1 F2/F DC R

F1 F2/F DC R

F1 F2/F DC R

F1 F2/F

DP

DP

D/I

F1 F2/F

F1 F2/F

DC

DC

DC

R

D/I

DP

DP

DP

M P

M

I

I

P

P

P

I P

I

MD/I

M

P

R

R

D/I P

D/I M P

M/PI

P

C

C

C

C

C

C

C

C

C

C

<latexit sha1_base64="Fu73SgFM2HlpZpKyOSgeL9IG5A4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+d0srq2vpGebOytb2zu1fdP2jpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k57Xq9bcujsFWibenNRgjmav+hX0E5IJKg3hWOuu56YmzLEyjHA6qQSZpikmIzygXUslFlSH+TTzBJ1YpY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNVVsCd7il5dJ66zuXdYv7s9rDf9zVkcZjuAYTsGDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1ZIzr/AQ/sD5+AFH7ZKF</latexit>

I1
1 1 2 3 1 33
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<latexit sha1_base64="5mbq9vJM7O0Fcica7tSjBGGAb9Q=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lwo7sKTlvoDCWTZtrQJDMkGaEM/Q03LhRx6z/4De78GzNtF9p64MLhnHvJyYlSzrRx3W9nZXVtfWOztFXe3tnd268cHLZ0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9FN4bcfqdIskQ9mnNJQ4IFkMSPYWCkIBDZDJfK7Sa/eq1TdmjsFWibenFRhjmav8hX0E5IJKg3hWOuu56YmzLEyjHA6KQeZpikmIzygXUslFlSH+TTzBJ1apY/iRNmRBk3V3xc5FlqPRWQ3i4x60SvE/7xuZuLrMGcyzQyVZPZQnHFkElQUgPpMUWL42BJMFLNZERlihYmxNZVtCd7il5dJq17zLmsX9+fVhv85q6MEx3ACZ+DBFTTgFprgA4EUnuAFXp3MeXbenPfZ6oozr/AI/sD5+AFJcZKG</latexit>

I2

<latexit sha1_base64="3H/PMd0riqUC/NGBQjfV1p7DPuc=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsz4Xhbc6K6C0xY6Q8mkmTY0yQxJRihDf8ONC0Xc+g9+gzv/xkzbhVYPXDiccy85OVHKmTau++WUlpZXVtfK65WNza3tneruXksnmSLUJwlPVCfCmnImqW+Y4bSTKopFxGk7Gl0XfvuBKs0SeW/GKQ0FHkgWM4KNlYJAYDNUIr+d9E571Zpbd6dAf4k3JzWYo9mrfgb9hGSCSkM41rrruakJc6wMI5xOKkGmaYrJCA9o11KJBdVhPs08QUdW6aM4UXakQVP150WOhdZjEdnNIqNe9ArxP6+bmfgqzJlMM0MlmT0UZxyZBBUFoD5TlBg+tgQTxWxWRIZYYWJsTRVbgrf45b+kdVL3Lurnd2e1hv8xq6MMB3AIx+DBJTTgBprgA4EUHuEZXpzMeXJenbfZasmZV7gPv+C8fwNK9ZKH</latexit>

I3

<latexit sha1_base64="Q5HxzX3IXXRE7srJgOewQY+drWU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+d0srq2vpGebOytb2zu1fdP2jpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k955r1pz6+4UaJl4c1KDOZq96lfQT0gmqDSEY627npuaMMfKMMLppBJkmqaYjPCAdi2VWFAd5tPME3RilT6KE2VHGjRVf1/kWGg9FpHdLDLqRa8Q//O6mYmvw5zJNDNUktlDccaRSVBRAOozRYnhY0swUcxmRWSIFSbG1lSxJXiLX14mrbO6d1m/uD+vNfzPWR1lOIJjOAUPrqABt9AEHwik8AQv8OpkzrPz5rzPVkvOvMJD+APn4wdMeZKI</latexit>

I4

<latexit sha1_base64="g/j+lrd8Q9cNpGQCnoYrj5XHVto=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRmx6rLgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6zV7y+qDf9zVkcJjuEEzsCDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNN/ZKJ</latexit>

I5

<latexit sha1_base64="nlblp5HxENLHbyWY42Agm5S9Duo=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnR6rLgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNq9cu7y+qDf9zVkcJjuEEzsCDK2jALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNPgZKK</latexit>

I6

<latexit sha1_base64="LtiAgUy9RcRgDmIjUwXYm9qFF1I=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRlR67LgRncVnLbQGUomzbShSWZIMkIZ+htuXCji1n/wG9z5N2baLrT1wIXDOfeSkxOlnGnjut/Oyura+sZmaau8vbO7t185OGzpJFOE+iThiepEWFPOJPUNM5x2UkWxiDhtR6Obwm8/UqVZIh/MOKWhwAPJYkawsVIQCGyGSuR3k169V6m6NXcKtEy8OanCHM1e5SvoJyQTVBrCsdZdz01NmGNlGOF0Ug4yTVNMRnhAu5ZKLKgO82nmCTq1Sh/FibIjDZqqvy9yLLQei8huFhn1oleI/3ndzMTXYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEHdWjALTTBBwIpPMELvDqZ8+y8Oe+z1RVnXuER/IHz8QNRBZKL</latexit>

I7

<latexit sha1_base64="RuxHKa5jE6jYvSd4Om5w851cxxs=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnx0WXBje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWjrgQuHc+4lJydKOdPGdb+dldW19Y3N0lZ5e2d3b79ycNjSSaYI9UnCE9WJsKacSeobZjjtpIpiEXHajkY3hd9+pEqzRD6YcUpDgQeSxYxgY6UgENgMlcjvJr16r1J1a+4UaJl4c1KFOZq9ylfQT0gmqDSEY627npuaMMfKMMLppBxkmqaYjPCAdi2VWFAd5tPME3RqlT6KE2VHGjRVf1/kWGg9FpHdLDLqRa8Q//O6mYnrYc5kmhkqyeyhOOPIJKgoAPWZosTwsSWYKGazIjLEChNjayrbErzFLy+T1nnNu6pd3l9UG/7nrI4SHMMJnIEH19CAW2iCDwRSeIIXeHUy59l5c95nqyvOvMIj+APn4wdSiZKM</latexit>

I8

<latexit sha1_base64="XLvi4O2PTtJBbjT1fKhw0MNOzmM=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIz13Bje4qOG2hM5RMmmlDk8yQZIQy9DfcuFDErf/gN7jzb8y0XWj1wIXDOfeSkxOlnGnjul9OaWl5ZXWtvF7Z2Nza3qnu7rV0kilCfZLwRHUirClnkvqGGU47qaJYRJy2o9F14bcfqNIskfdmnNJQ4IFkMSPYWCkIBDZDJfLbSe+qV625dXcK9Jd4c1KDOZq96mfQT0gmqDSEY627npuaMMfKMMLppBJkmqaYjPCAdi2VWFAd5tPME3RklT6KE2VHGjRVf17kWGg9FpHdLDLqRa8Q//O6mYkvw5zJNDNUktlDccaRSVBRAOozRYnhY0swUcxmRWSIFSbG1lSxJXiLX/5LWid177x+dndaa/gfszrKcACHcAweXEADbqAJPhBI4RGe4cXJnCfn1XmbrZaceYX78AvO+zdUDZKN</latexit>

I9

<latexit sha1_base64="2hDWP6q95R7CJ/SaUXcMLkKuS/g=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHluHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxA/7mk/w=</latexit>

I10

<latexit sha1_base64="MM8nAc7gux285NXgurqlfDcdZjs=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XBje4qmLbQhjCZTtuhM5MwMxFqyJe4caGIW7/Ab3Dn3zhpu9DWAxcO59zLnDlRwqjSrvttlVZW19Y3ypuVre2d3aq9t99ScSox8XHMYtmJkCKMCuJrqhnpJJIgHjHSjsbXhd9+IFLRWNzrSUICjoaCDihG2kihXe1xpEeSZ7d5mHleHto1t+5O4SwTb05qMEcztL96/RinnAiNGVKq67mJDjIkNcWM5JVeqkiC8BgNSddQgThRQTYNnjvHRuk7g1iaEdqZqr8vMsSVmvDIbBYx1aJXiP953VQProKMiiTVRODZQ4OUOTp2ihacPpUEazYxBGFJTVYHj5BEWJuuKqYEb/HLy6R1Wvcu6ud3Z7WG/zmrowyHcAQn4MElNOAGmuADhhSe4AVerUfr2Xqz3merJWte4QH8gfXxAwB6k/0=</latexit>

I11

(a)

<latexit sha1_base64="ShNtn5AYAnpQtznInW+9T8FlbBE=">AAAB+HicbVDLTgIxFO34RHww6tJNIzFxRWaMryWJG5eYMEACE9IpBRrazqS9Y8QJX+LGhca49Qv8Bnf+jWVgoeBJbnJyzr23tydKBDfged/Oyura+sZmYau4vbO7V3L3DxomTjVlAY1FrFsRMUxwxQLgIFgr0YzISLBmNLqZ+s17pg2PVR3GCQslGSje55SAlbpuqQPsAbI6l/mKSdctexUvB14m/pyU0Ry1rvvV6cU0lUwBFcSYtu8lEGZEA6eCTYqd1LCE0BEZsLalikhmwiw/fIJPrNLD/VjbUoBz9fdERqQxYxnZTklgaBa9qfif106hfx1mXCUpMEVnD/VTgSHG0xRwj2tGQYwtIVRzeyumQ6IJBZtV0YbgL355mTTOKv5l5eLuvFwNPmdxFNAROkanyEdXqIpuUQ0FiKIUPaEX9Oo8Os/Om/M+a11x5hEeoj9wPn4ArQSUbg==</latexit>

Timeline
<latexit sha1_base64="ll7hIdhq8AinzQWT31rYVvLq+ZY=">AAAB9HicbZDLSsNAFIYn9VbrrerSTbAIbiyJeFsW3LisYNpCG8pketIOnUzizElpCX0ONy4Ucesz+AzufBunl4W2/jDw8f9nmDN/kAiu0XG+rdzK6tr6Rn6zsLW9s7tX3D+o6ThVDDwWi1g1AqpBcAkechTQSBTQKBBQD/q3k7w+AKV5LB9wlIAf0a7kIWcUjeW3EIaYNc7okOtxu1hyys5U9jK4cyiRuart4lerE7M0AolMUK2brpOgn1GFnAkYF1qphoSyPu1C06CkEWg/my49tk+M07HDWJkj0Z66v29kNNJ6FAVmMqLY04vZxPwva6YY3vgZl0mKINnsoTAVNsb2pAG7wxUwFCMDlCludrVZjyrK0PRUMCW4i19ehtp52b0qX95flCre56yOPDkix+SUuOSaVMgdqRKPMPJInsgLebUG1rP1Zr3PRnPWvMJD8kfWxw9fe5Ms</latexit>

X-axisDPDC R IF1 F2/F P C
0

<latexit sha1_base64="8zoVi0N2vdjp5uPd3uJex3NGtHQ=">AAAB9HicbZDLSsNAFIYnXmu9VV26CRbBjSURb8uCG5cVTFtpQ5lMT9qhk0mcOSktoc/hxoUibn0Gn8Gdb+P0stDWHwY+/v8Mc+YPEsE1Os63tbS8srq2ntvIb25t7+wW9varOk4VA4/FIlb1gGoQXIKHHAXUEwU0CgTUgt7NOK/1QWkey3scJuBHtCN5yBlFY/lNhAFmD6d0wPWoVSg6JWciexHcGRTJTJVW4avZjlkagUQmqNYN10nQz6hCzgSM8s1UQ0JZj3agYVDSCLSfTZYe2cfGadthrMyRaE/c3zcyGmk9jAIzGVHs6vlsbP6XNVIMr/2MyyRFkGz6UJgKG2N73IDd5goYiqEByhQ3u9qsSxVlaHrKmxLc+S8vQvWs5F6WLu7Oi2Xvc1pHjhySI3JCXHJFyuSWVIhHGHkkT+SFvFp969l6s96no0vWrMID8kfWxw9hBZMt</latexit> Y
-a

x
is
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induced DEG with edge cost extracted from DEG.
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Algorithm Critical Path Construction

Require: G: The induced DEG with the edge cost;
1: node = topological_sort(G);
2: Initialize edge cost vector d with all zero;
3: Initialize the path vector p with all zero;
4: for n← node do
5: if NG(n) ̸= ∅ then ▷ NG(n) are predecessors of n.
6: d[n] = arg max

v∈NG(n)
d[v] + cost; assign p[n] with v;

7: else
8: d[n] = 0; p[n] = n;
9: end if

10: end for
11: return reverse(p);

The ArchExplorer Approach: Critical Path Construction
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Computation of Bottleneck Contribution
For a critical path p with length L and containing N (non-overlapping) edges, a resource
b’s contribution c(b):

c(b) =
N∑

i=1

li1[p(i) = b]/L, (1)

For multiple workloads evaluations:

c̄(b) =
|B|∑
i=1

wi · ci(b),
|B|∑
i=1

wi = 1, (2)

The ArchExplorer Approach: Bottleneck-removal DSE
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Resource reassignment:
• The reassigned parameter values are decided based on the design space specification.
• We select the next larger candidate value from the specification if we need to increase

it.
• We decrease them to the next smaller candidate value if they do not have a

contribution.
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Experimental Setup & Evaluation Metrics



• GEM5: timing accurate simulator14

• McPAT: power & modeling tool15

• SPEC CPU2006 (SPEC06)16 & SPEC CPU2017 (SPEC17)17

• Implement ArchExplorer w. Python & C++.

14Nathan Binkert et al. (2011). “The GEM5 Simulator”. In: ACM SIGARCH computer architecture
news 39.2, pp. 1–7; Jason Lowe-Power et al. (2020). “The GEM5 Simulator: Version 20.0+”. In: arXiv
preprint arXiv:2007.03152.

15Sheng Li et al. (2009). “McPAT: An Integrated Power, Area, and Timing Modeling Framework
for Multicore and Manycore Architectures”. In: IEEE/ACM International Symposium on
Microarchitecture (MICRO), pp. 469–480.

16SPEC CPU 2006 (2018). https://www.spec.org/cpu2006/.
17SPEC CPU 2017 (2022). https://www.spec.org/cpu2017/.

Experimental Setup: Simulation Environment
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• ArchRanker18

• AdaBoost19

• BOOM-Explorer20

• Calipers21

18Tianshi Chen et al. (2014). “ArchRanker: A Ranking Approach to Design Space Exploration”. In:
IEEE/ACM International Symposium on Computer Architecture (ISCA). IEEE.

19Dandan Li et al. (2016). “Efficient Design Space Exploration Via Statistical Sampling and
AdaBoost Learning”. In: ACM/IEEE Design Automation Conference (DAC). IEEE, pp. 1–6.

20Chen Bai et al. (2021). “BOOM-Explorer: RISC-V BOOM Microarchitecture Design Space
Exploration Framework”. In: IEEE/ACM International Conference on Computer-Aided Design (ICCAD).
IEEE, pp. 1–9.

21Hossein Golestani et al. (2022). “Calipers: A Criticality-aware Framework for Modeling
Processor Performance”. In: ACM International Conference on Supercomputing (ICS).
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Table: Design space of an OoO RISC-V processor

Components Description Hardware Resource #

Pipeline width
fetch/decode/rename/dispatch/
issue/writeback commit width

1:8:1 1 8

Fetch buffer fetch buffer size in bytes 16, 32, 64 3
Fetch queue fetch queue size in µ-ops 8:48:4 11

Local predictor
local predictor size of the
Tournament BP

512, 1024, 2048 3

Global/Choice
predictor

global predictor size of the
Tournament BP

2048, 4096, 8192 3

RAS return address stack size 16:40:2 13
BTB branch target buffer size 1024, 2048, 4096 3
ROB reorder buffer entries 32:256:16 15

Int RF
number of physical
integer registers

40:304:8 18

Fp RF
number of physical
floating-point
registers

40:304:8 18

IQ
number of instruction
queue entries

16:80:8 9

LQ number of load queue entries 20:48:4 8
SQ number of store queue entries 20:48:4 8

IntALU number of integer ALUs 3:6:1 4

IntMultDiv
number of integer multipliers
and dividers

1, 2 2

FpALU number of floating-point ALUs 1, 2 2

FpMultDiv
number of floating-point
multipliers and dividers

1, 2 2

I$ size the size of I$ in KB 16, 32, 64 3
I$ assoc. associative sets of I$ 2, 4 2
D$ size the size of D$ in KB 16, 32, 64 3

D$ assoc. associative sets of D$ 2, 4 2
Total size 8.9649× 1014

1 The values are start number:end number:stride

Experimental Setup: Design Space
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Two main metrics:
• Pareto hypervolume.

• Number of simulations.
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The visualization of Pareto hypervolume in Perf-Power space. Pareto hypervolume is the area
bounded by P(Y) = {y1, y2, y3, y4} and the reference point v0.

PVv0(P(Y)) =
∫

Y
1[y ⪰ v0][1−

∏
y∗∈P(Y)

1[y∗ ⪰̸ y]]dy, (3)

Evaluation Metrics

38/51



Results



0 1200 2400 3600
10

12

14

16

x = 3000

y = 15.80

Simulations

P
a
re
to

h
y
p
er
v
ol
u
m
e

SPEC CPU2006 results

ArchRanker [12] AdaBoost [37]

BOOM-Explorer [8] ArchExplorer

0 1600 3200

8

10

12

14

16

x = 2400

y = 15.60

Simulations

P
ar
et
o
h
y
p
er
v
ol
u
m
e

SPEC CPU2017 results

The visualization of Pareto hypervolume curves in terms of the number of simulations.

Results: Comparison w. DSE Methodologies

40/51



Table: Comparison under two cases.

Methods
SPEC CPU2006 SPEC CPU2017

Pareto hypervolume at y = 15.80 # of Simulations at x = 3000 Pareto hypervolume at y = 15.60 # of Simulations at x = 2400
# of Simulations Ratio Pareto hypervolume Ratio # of Simulations Ratio Pareto hypervolume Ratio

ArchRanker [Chen et al. 2014] 2736 1 15.9185 1 1296 1 16.4542 1
AdaBoost [D. Li et al. 2016] 3132 1.1447 15.6785 0.9849 2208 0.7037 15.9359 0.9685

BOOM-Explorer [Bai et al. 2021] 2064 0.7544 16.0854 1.0104 1120 0.8642 16.7416 1.0175
ArchExplorer 708 0.2588 16.3473 1.0269 560 0.4321 17.0198 1.0344

Summary of comparison results w. DSE methodologies:
• In SPEC06, compared to ArchRanker, AdaBoost, and BOOM-Explorer, ArchExplorer

uses 14.47% more, 24.56% fewer, and 74.12% fewer simulations when y = 15.80,
respectively.

• For x = 3000, the gained Pareto hypervolume of ArchExplorer surpasses
BOOM-Explorer, AdaBoost, and ArchRanker by 1.58%, 4.20%, and 3.32%,
respectively.

• In SPEC17, ArchExplorer can save 74.63% of simulation budgets at most and achieve
6.80% higher Pareto hypervolume.

Results: Comparison w. DSE Methodologies
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The visualization of Pareto frontiers and the
distributions of PPA trade-offs for all methods.

Summary of visualization results:
• The visualization suggests that

ArchExplorer outperforms other
methods not by exploring more
higher-performance microarchitectures
but higher power and area efficiency
designs.

• ArchExplorer’s Pareto designs achieve
an average of 2.26 in the trade-off,
surpassing BOOM-Explorer, AdaBoost,
and ArchRanker by 15.81%, 7.47%, and
18.63%, respectively.

Results: Comparison w. DSE Methodologies
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Comparisons between the Pareto designs in performance and power.

Summary of comparison results w. best balanced designs:
• ArchExplorer’s Pareto design is better than other methods by an average of 56.05%

and, at most, 64.29% in the PPA trade-off in SPEC06.

• ArchExplorer’s Pareto design is better than other methods by an average of 49.53%
higher PPA trade-off in SPEC17.

Results: Comparison w. Best Balanced Designs
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Experimental setup: A sub-design space including 1296 very similar designs.
Rationales:
• Calipers22 only targets performance.

• Calipers does not provide how to search with the previous DEG formulation.

22Hossein Golestani et al. (2022). “Calipers: A Criticality-aware Framework for Modeling
Processor Performance”. In: ACM International Conference on Supercomputing (ICS).

Results: Comparison w. Calipers
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Summary of comparison results w. Calipers:
• The solution found by ArchExplorer outperforms Caliper’s by 2.11% in performance,

4.36% lower power and 2.38% lower area on average in SPEC06.
• In SPEC17, we receive a 1.88% higher performance compared to Calipers.
• These improved performance benefits are gained by only using 48 simulations in

ArchExplorer.

Results: Comparison w. Calipers
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Discussion



The new DEG formulation can assist research in
• ML-assisted microprocessor performance modeling & enhanced DSE.

• Criticality-driven instruction scheduling.

• Program analysis & compiler research.

Multi-core formulation is also expected based on the new DEG formulation.
Codes repo: https://github.com/baichen318/arch-explorer

Discussion
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