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Introduction
• Will cover few, key areas of HGCAL reconstruction

▶ General Overview
▶ TICL
▶ Clustering (Layer Clustering)
▶ Software R&D Activities
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Overview



HGCAL
High Granularity Calorimeter: fine grain for 3D(5D?) shower reconstruction
⇒ Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 28 layers, 25 χ0 & ∼ 1.3λ
⇒ Hadronic calorimeter (CE-H): Si & Scintillator, stainless steel & Cu absorbers, 22(8+14) layers, ∼ 9.5λ
Key Parameters:

• HGCAL covers 1.5 < |η| < 3.0
• Total size z=2m, r=2.3m. Total weight ∼215 t per endcap
• 620 m2 of Silicon sensors (120/200/300 µm). 0.5-1.0 cm2 ⇒ 6M channels
• 400 m2 of plastic scintillators with SiPM readout. 4-30 cm2 ⇒ 240k channels
• Intrinsic timing capabilities (∼ 25ps resolution)
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HGCAL Sensors
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Cell side = 6.98mm
Cell flat-to-flat = 12.08mm

(a) Low density Silicon sensors
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(b) High density Silicon sensors
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(15, 73)

1964

(15, 74)

1965

(15, 75)

1966

(15, 76)

1967

(15, 77)

1968

(15, 78)

1969

(15, 79)

1970

(15, 80)

1971

(15, 81)

1972

(15, 82)

1973

(15, 83)

1974

(15, 84)

1975
(15, 85)

1976
(15, 86)

1977
(15, 87)

1978
(15, 88)

1979
(15, 89)

1980(15, 90)
1981(15, 91)1982(15, 92)1983(15, 93)1984(15, 94)1985(15, 95)1986(15, 96)

1987(15, 97)
1988(15, 98)

1989(15, 99)

1990
(15, 100)

1991
(15, 101)

1992
(15, 102)

1993
(15, 103)

1994
(15, 104)

1995
(15, 105)

1996

(15, 106)

1997

(15, 107)

1998

(15, 108)

1999

(15, 109)

2000

(15, 110)

2001

(15, 111)

2002

(15, 112)

2003

(15, 113)

2004

(15, 114)

2005

(15, 115)

2006

(15, 116)

2007

(15, 117)

2008

(15, 118)

2009

(15, 119)

2010

(15, 120)

2011

(15, 121)

2012

(15, 122)

2013

(15, 123)

2014

(15, 124)

2015

(15, 125)

eta=
2.30005

eta=2.30005

R=
84.36597

R=84.36597

2016

(16, 0)

2017

(16, 1)

2018

(16, 2)

2019

(16, 3)

2020

(16, 4)

2021

(16, 5)

2022

(16, 6)

2023

(16, 7)

2024

(16, 8)

2025

(16, 9)

2026

(16, 10)

2027

(16, 11)

2028

(16, 12)

2029

(16, 13)

2030

(16, 14)

2031

(16, 15)

2032

(16, 16)

2033

(16, 17)

2034

(16, 18)

2035

(16, 19)

2036
(16, 20)

2037
(16, 21)

2038
(16, 22)

2039
(16, 23)

2040
(16, 24)

2041
(16, 25)

2042 (16, 26)
2043 (16, 27)

2044 (16, 28)
2045 (16, 29) 2046 (16, 30) 2047 (16, 31) 2048 (16, 32) 2049 (16, 33) 2050 (16, 34)

2051 (16, 35)
2052

(16, 36)
2053

(16, 37)

2054
(16, 38)

2055
(16, 39)

2056
(16, 40)

2057
(16, 41)

2058

(16, 42)

2059

(16, 43)

2060

(16, 44)

2061

(16, 45)

2062

(16, 46)

2063

(16, 47)

2064

(16, 48)

2065

(16, 49)

2066

(16, 50)

2067

(16, 51)

2068

(16, 52)

2069

(16, 53)

2070

(16, 54)

2071

(16, 55)

2072

(16, 56)

2073

(16, 57)

2074

(16, 58)

2075

(16, 59)

2076

(16, 60)

2077

(16, 61)

2078

(16, 62)

2079

(16, 63)

2080

(16, 64)

2081

(16, 65)

2082

(16, 66)

2083

(16, 67)

2084

(16, 68)

2085

(16, 69)

2086

(16, 70)

2087

(16, 71)

2088

(16, 72)

2089

(16, 73)

2090

(16, 74)

2091

(16, 75)

2092

(16, 76)

2093

(16, 77)

2094

(16, 78)

2095

(16, 79)

2096

(16, 80)

2097

(16, 81)

2098

(16, 82)

2099

(16, 83)

2100
(16, 84)

2101
(16, 85)

2102
(16, 86)

2103
(16, 87)

2104
(16, 88)

2105
(16, 89)

2106(16, 90)
2107(16, 91)2108(16, 92)2109(16, 93)2110(16, 94)2111(16, 95)2112(16, 96)

2113(16, 97)
2114(16, 98)

2115(16, 99)

2116
(16, 100)

2117
(16, 101)

2118
(16, 102)

2119
(16, 103)

2120
(16, 104)

2121
(16, 105)

2122

(16, 106)

2123

(16, 107)

2124

(16, 108)

2125

(16, 109)

2126

(16, 110)

2127

(16, 111)

2128

(16, 112)

2129

(16, 113)

2130

(16, 114)

2131

(16, 115)

2132

(16, 116)

2133

(16, 117)

2134

(16, 118)

2135

(16, 119)

2136

(16, 120)

2137

(16, 121)

2138

(16, 122)

2139

(16, 123)

2140

(16, 124)

2141

(16, 125)

eta=
2.35005

eta=2.35005

R=
80.16261

R=80.16261

2142

(17, 0)

2143

(17, 1)

2144

(17, 2)

2145

(17, 3)

2146

(17, 4)

2147

(17, 5)

2148

(17, 6)

2149

(17, 7)

2150

(17, 8)

2151

(17, 9)

2152

(17, 10)

2153

(17, 11)

2154

(17, 12)

2155

(17, 13)

2156

(17, 14)

2157

(17, 15)

2158

(17, 16)

2159

(17, 17)

2160

(17, 18)

2161
(17, 19)

2162
(17, 20)

2163
(17, 21)

2164
(17, 22)

2165
(17, 23)

2166
(17, 24)

2167(17, 25)

2168(17, 26)
2169(17, 27)

2170(17, 28)
2171(17, 29) 2172 (17, 30) 2173 (17, 31) 2174 (17, 32) 2175(17, 33) 2176(17, 34)

2177(17, 35)
2178

(17, 36)
2179

(17, 37)

2180
(17, 38)

2181
(17, 39)

2182
(17, 40)

2183
(17, 41)

2184
(17, 42)

2185

(17, 43)

2186

(17, 44)

2187

(17, 45)

2188

(17, 46)

2189

(17, 47)

2190

(17, 48)

2191

(17, 49)

2192

(17, 50)

2193

(17, 51)

2194

(17, 52)

2195

(17, 53)

2196

(17, 54)

2197

(17, 55)

2198

(17, 56)

2199

(17, 57)

2200

(17, 58)

2201

(17, 59)

2202

(17, 60)

2203

(17, 61)

2204

(17, 62)

2205

(17, 63)

2206

(17, 64)

2207

(17, 65)

2208

(17, 66)

2209

(17, 67)

2210

(17, 68)

2211

(17, 69)

2212

(17, 70)

2213

(17, 71)

2214

(17, 72)

2215

(17, 73)

2216

(17, 74)

2217

(17, 75)

2218

(17, 76)

2219

(17, 77)

2220

(17, 78)

2221

(17, 79)

2222

(17, 80)

2223

(17, 81)

2224

(17, 82)

2225
(17, 83)

2226
(17, 84)

2227
(17, 85)

2228
(17, 86)

2229
(17, 87)

2230
(17, 88)

2231
(17, 89)

2232(17, 90)
2233(17, 91)2234(17, 92)2235(17, 93)2236(17, 94)2237(17, 95)2238(17, 96)

2239(17, 97)
2240(17, 98)

2241(17, 99)

2242(17, 100)

2243
(17, 101)

2244
(17, 102)

2245
(17, 103)

2246
(17, 104)

2247
(17, 105)

2248
(17, 106)

2249

(17, 107)

2250

(17, 108)

2251

(17, 109)

2252

(17, 110)

2253

(17, 111)

2254

(17, 112)

2255

(17, 113)

2256

(17, 114)

2257

(17, 115)

2258

(17, 116)

2259

(17, 117)

2260

(17, 118)

2261

(17, 119)

2262

(17, 120)

2263

(17, 121)

2264

(17, 122)

2265

(17, 123)

2266

(17, 124)

2267

(17, 125)

eta=
2.40005

eta=2.40005

R=
76.21999

R=76.21999

2268

(18, 0)

2269

(18, 1)

2270

(18, 2)

2271

(18, 3)

2272

(18, 4)

2273

(18, 5)

2274

(18, 6)

2275

(18, 7)

2276

(18, 8)

2277

(18, 9)

2278

(18, 10)

2279

(18, 11)

2280

(18, 12)

2281

(18, 13)

2282

(18, 14)

2283

(18, 15)

2284

(18, 16)

2285

(18, 17)

2286
(18, 18)

2287
(18, 19)

2288
(18, 20)

2289
(18, 21)

2290
(18, 22)

2291
(18, 23)

2292
(18, 24)

2293(18, 25)
2294(18, 26)

2295(18, 27)
2296(18, 28) 2297(18, 29) 2298(18, 30) 2299(18, 31) 2300(18, 32) 2301(18, 33) 2302(18, 34)

2303(18, 35)
2304(18, 36)

2305
(18, 37)

2306
(18, 38)

2307
(18, 39)

2308
(18, 40)

2309
(18, 41)

2310
(18, 42)

2311

(18, 43)

2312

(18, 44)

2313

(18, 45)

2314

(18, 46)

2315

(18, 47)

2316

(18, 48)

2317

(18, 49)

2318

(18, 50)

2319

(18, 51)

2320

(18, 52)

2321

(18, 53)

2322

(18, 54)

2323

(18, 55)

2324

(18, 56)

2325

(18, 57)

2326

(18, 58)

2327

(18, 59)

2328

(18, 60)

2329

(18, 61)

2330

(18, 62)

2331

(18, 63)

2332

(18, 64)

2333

(18, 65)

2334

(18, 66)

2335

(18, 67)

2336

(18, 68)

2337

(18, 69)

2338

(18, 70)

2339

(18, 71)

2340

(18, 72)

2341

(18, 73)

2342

(18, 74)

2343

(18, 75)

2344

(18, 76)

2345

(18, 77)

2346

(18, 78)

2347

(18, 79)

2348

(18, 80)

2349

(18, 81)

2350

(18, 82)

2351
(18, 83)

2352
(18, 84)

2353
(18, 85)

2354
(18, 86)

2355
(18, 87)

2356
(18, 88)

2357(18, 89)
2358(18, 90)

2359(18, 91)2360(18, 92)2361(18, 93)2362(18, 94)2363(18, 95)2364(18, 96)2365(18, 97)
2366(18, 98)

2367(18, 99)
2368(18, 100)

2369
(18, 101)

2370
(18, 102)

2371
(18, 103)

2372
(18, 104)

2373
(18, 105)

2374
(18, 106)

2375
(18, 107)

2376

(18, 108)

2377

(18, 109)

2378

(18, 110)

2379

(18, 111)

2380

(18, 112)

2381

(18, 113)

2382

(18, 114)

2383

(18, 115)

2384

(18, 116)

2385

(18, 117)

2386

(18, 118)

2387

(18, 119)

2388

(18, 120)

2389

(18, 121)

2390

(18, 122)

2391

(18, 123)

2392

(18, 124)

2393

(18, 125)

eta=
2.45006

eta=2.45006

R=
72.38545

R=72.38545

2394

(19, 0)

2395

(19, 1)

2396

(19, 2)

2397

(19, 3)

2398

(19, 4)

2399

(19, 5)

2400

(19, 6)

2401

(19, 7)

2402

(19, 8)

2403

(19, 9)

2404

(19, 10)

2405

(19, 11)

2406

(19, 12)

2407

(19, 13)

2408

(19, 14)

2409

(19, 15)

2410

(19, 16)

2411
(19, 17)

2412
(19, 18)

2413
(19, 19)

2414
(19, 20)

2415
(19, 21)

2416
(19, 22)

2417
(19, 23)

2418
(19, 24)

2419(19, 25)
2420(19, 26)

2421(19, 27)
2422(19, 28) 2423(19, 29) 2424(19, 30) 2425(19, 31) 2426(19, 32) 2427(19, 33) 2428(19, 34)

2429(19, 35)
2430(19, 36)

2431
(19, 37)

2432
(19, 38)

2433
(19, 39)

2434
(19, 40)

2435
(19, 41)

2436
(19, 42)

2437
(19, 43)

2438

(19, 44)

2439

(19, 45)

2440

(19, 46)

2441

(19, 47)

2442

(19, 48)

2443

(19, 49)

2444

(19, 50)

2445

(19, 51)

2446

(19, 52)

2447

(19, 53)

2448

(19, 54)

2449

(19, 55)

2450

(19, 56)

2451

(19, 57)

2452

(19, 58)

2453

(19, 59)

2454

(19, 60)

2455

(19, 61)

2456

(19, 62)

2457

(19, 63)

2458

(19, 64)

2459

(19, 65)

2460

(19, 66)

2461

(19, 67)

2462

(19, 68)

2463

(19, 69)

2464

(19, 70)

2465

(19, 71)

2466

(19, 72)

2467

(19, 73)

2468

(19, 74)

2469

(19, 75)

2470

(19, 76)

2471

(19, 77)

2472

(19, 78)

2473

(19, 79)

2474

(19, 80)

2475

(19, 81)

2476
(19, 82)

2477
(19, 83)

2478
(19, 84)

2479
(19, 85)

2480
(19, 86)

2481
(19, 87)

2482
(19, 88)

2483(19, 89)
2484(19, 90)

2485(19, 91)2486(19, 92)2487(19, 93)2488(19, 94)2489(19, 95)2490(19, 96)2491(19, 97)
2492(19, 98)

2493(19, 99)
2494(19, 100)

2495
(19, 101)

2496
(19, 102)

2497
(19, 103)

2498
(19, 104)

2499
(19, 105)

2500
(19, 106)

2501
(19, 107)

2502
(19, 108)

2503

(19, 109)

2504

(19, 110)

2505

(19, 111)

2506

(19, 112)

2507

(19, 113)

2508

(19, 114)

2509

(19, 115)

2510

(19, 116)

2511

(19, 117)

2512

(19, 118)

2513

(19, 119)

2514

(19, 120)

2515

(19, 121)

2516

(19, 122)

2517

(19, 123)

2518

(19, 124)

2519

(19, 125)

eta=
2.50006

eta=2.50006

R=
68.81801

R=68.81801

2520

(20, 0)

2521

(20, 1)

2522

(20, 2)

2523

(20, 3)

2524

(20, 4)

2525

(20, 5)

2526

(20, 6)

2527

(20, 7)

2528

(20, 8)

2529

(20, 9)

2530

(20, 10)

2531

(20, 11)

2532

(20, 12)

2533

(20, 13)

2534

(20, 14)

2535

(20, 15)

2536
(20, 16)

2537
(20, 17)

2538
(20, 18)

2539
(20, 19)

2540
(20, 20)

2541
(20, 21)

2542
(20, 22)

2543
(20, 23)

2544(20, 24)

2545(20, 25)
2546(20, 26)

2547(20, 27)
2548(20, 28) 2549(20, 29) 2550(20, 30) 2551(20, 31) 2552(20, 32) 2553(20, 33) 2554(20, 34) 2555(20, 35)

2556(20, 36)
2557

(20, 37)
2558

(20, 38)

2559
(20, 39)

2560
(20, 40)

2561
(20, 41)

2562
(20, 42)

2563
(20, 43)

2564
(20, 44)

2565

(20, 45)

2566

(20, 46)

2567

(20, 47)

2568

(20, 48)

2569

(20, 49)

2570

(20, 50)

2571

(20, 51)

2572

(20, 52)

2573

(20, 53)

2574

(20, 54)

2575

(20, 55)

2576

(20, 56)

2577

(20, 57)

2578

(20, 58)

2579

(20, 59)

2580

(20, 60)

2581

(20, 61)

2582

(20, 62)

2583

(20, 63)

2584

(20, 64)

2585

(20, 65)

2586

(20, 66)

2587

(20, 67)

2588

(20, 68)

2589

(20, 69)

2590

(20, 70)

2591

(20, 71)

2592

(20, 72)

2593

(20, 73)

2594

(20, 74)

2595

(20, 75)

2596

(20, 76)

2597

(20, 77)

2598

(20, 78)

2599

(20, 79)

2600

(20, 80)

2601
(20, 81)

2602
(20, 82)

2603
(20, 83)

2604
(20, 84)

2605
(20, 85)

2606
(20, 86)

2607
(20, 87)

2608
(20, 88)

2609(20, 89)
2610(20, 90)2611(20, 91)2612(20, 92)2613(20, 93)2614(20, 94)2615(20, 95)2616(20, 96)2617(20, 97)

2618(20, 98)
2619(20, 99)

2620(20, 100)

2621(20, 101)

2622
(20, 102)

2623
(20, 103)

2624
(20, 104)

2625
(20, 105)

2626
(20, 106)

2627
(20, 107)

2628
(20, 108)

2629
(20, 109)

2630

(20, 110)

2631

(20, 111)

2632

(20, 112)

2633

(20, 113)

2634

(20, 114)

2635

(20, 115)

2636

(20, 116)

2637

(20, 117)

2638

(20, 118)

2639

(20, 119)

2640

(20, 120)

2641

(20, 121)

2642

(20, 122)

2643

(20, 123)

2644

(20, 124)

2645

(20, 125)

eta=
2.55006

eta=2.55006

R=
65.40955

R=65.40955

2646

(21, 0)

2647

(21, 1)

2648

(21, 2)

2649

(21, 3)

2650

(21, 4)

2651

(21, 5)

2652

(21, 6)

2653

(21, 7)

2654

(21, 8)

2655

(21, 9)

2656

(21, 10)

2657

(21, 11)

2658

(21, 12)

2659

(21, 13)

2660

(21, 14)

2661
(21, 15)

2662
(21, 16)

2663
(21, 17)

2664
(21, 18)

2665
(21, 19)

2666
(21, 20)

2667
(21, 21)

2668
(21, 22)

2669
(21, 23)

2670(21, 24)
2671(21, 25)

2672(21, 26)
2673(21, 27)

2674(21, 28) 2675(21, 29) 2676(21, 30) 2677(21, 31) 2678(21, 32) 2679(21, 33) 2680(21, 34) 2681(21, 35)
2682(21, 36)

2683(21, 37)
2684

(21, 38)

2685
(21, 39)

2686
(21, 40)

2687
(21, 41)

2688
(21, 42)

2689
(21, 43)

2690
(21, 44)

2691
(21, 45)

2692

(21, 46)

2693

(21, 47)

2694

(21, 48)

2695

(21, 49)

2696

(21, 50)

2697

(21, 51)

2698

(21, 52)

2699

(21, 53)

2700

(21, 54)

2701

(21, 55)

2702

(21, 56)

2703

(21, 57)

2704

(21, 58)

2705

(21, 59)

2706

(21, 60)

2707

(21, 61)

2708

(21, 62)

2709

(21, 63)

2710

(21, 64)

2711

(21, 65)

2712

(21, 66)

2713

(21, 67)

2714

(21, 68)

2715

(21, 69)

2716

(21, 70)

2717

(21, 71)

2718

(21, 72)

2719

(21, 73)

2720

(21, 74)

2721

(21, 75)

2722

(21, 76)

2723

(21, 77)

2724

(21, 78)

2725

(21, 79)

2726
(21, 80)

2727
(21, 81)

2728
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(c) Layout of a layer(38) with silicon
and scintillator sensors
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Reconstruction ⋄ Overview



What is TICL?
• TICL (T-he I-terative CL-ustering) is a modular framework integrated in the
CMSSW reconstruction

• Its final purpose is to process HGCAL rechits and return particle properties
and probabilities

• Modules and interfaces are defined so that new developers don’t have to
know anything about the CMSSW core framework in order to contribute

• Modules are designed such that new algorithms or techniques (e.g. Machine
Learning) can be plugged on top easily.

• Mostly geometry independent
• Algorithms are designed as plugins (within CMSSW)
• There is a dedicated R&D project inside the CERN R&D activities whose
purpose is to abstract TICL and package it into a standalone library
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TICL Components

Rechits 2D Clusters Seeding Region Tracksters PFTICLProducer

Tracks

Timing

MIP
Tracksters

PID

Energy
Regression

Denoising

Trackster
Splitting
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A TICL Iteration
• O(105) hits and O(104) LC/event
• Layer Clusters belonging to already
identified physics objects are
masked-out

• Pattern Recognition is restricted to
available Layer Clusters inside a
Seeding Region

• Pattern Recognition algorithms are
designed with parallelism in mind

• Linking, Cleaning and Classification
to assign ID with a given probability,
may exploit Machine Learning

• Use timing information, when possible

Filter LC by Mask

D
ef
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Se
ed

Re
gio

n
App

ly
PR

Linking
Cleaning

Mask Selected
LC

Original LC
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Reconstruction ⋄ Clustering



The 2D layer clustering algorithm
• First introduced in May 2016, with significant coding and algorithmic changes

and developments since then
• A key characteristic:

▶ “Energy density” rather than individual cell energy is used to define ranking,
seeding threshold, etc. . .

▶ This concept appropriate for clustering cells that are small compared to shower
size: “energy density” gives a better indication of the importance/significance
of the cell

ρi =
∑
j
Ej × f (∆rj) ; f (∆rj) =


1, if i = j
k, if 0 < ∆rj ≤ dc
0, if ∆rj > dc

• When used in seed selection, this definition picks out a local maximum cell as
the seed

• And is more sensitive to a multicell blob of energy than just a single cell local
maximum

dc = 13mm
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CLUE Block Algorithm

• Original Paper from which CLUE has been derived:
 

 

• CLUE paper:
 

 

• CLUE standalone code repository:
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CLUE Tile data Structure
• Querying neighborhood Nd is a frequent

operation in density-based clustering: ⇒ need
fast Nd query

• d-searchBox: Ωd (i) = {j : j ∈
tiles touched by square window(xi ± d, yi ± d)}

• d-neightborhood: Nd(i) = {j : dij < d} ⊂ Ωd(i)
• To query Nd, we only need to loop over hits in

Ωd

• Build Grid Spatial Index for hits on each layer (η, ϕ space)
▶ Grid tiles are small compared to the size of HGCAL layer
▶ Each tile in the grid hosts indices of hits inside it and has a fix length of memory

to store the hosted indices.
• Building spatial index is highly parallelizable on GPU.
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CLUE Tile data Structure
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CLUE Density

ρi =
∑

j∈Nd(i)
Ej × f (dij) ; f (dij) =


1, if i = j
k, if 0 < dij ≤ dc
0, if dij > dc

dc = 13mm

1

0.5

0.5

0.5

0.5

0.5

0.5

δc = 13mm

1

0.5

0.5

0.5

0.5

0.5

0.5

28th August 2020, MR Clustering and Reconstruction in HGCAL 12
 

 

cba

https://indico.cern.ch/event/949440/


CLUE Nearest Higher

• Define dm = max(ds,do), ds and do parameters for seed promotion and outlier
demotion

• Within Ndm(i), find the nearest point with higher density
• Calculate di = dist(i, nhi)

nhi =
{
argminj∈N̂dm (i)

dij, if |N̂dm | ̸= 0, N̂dm(i) = {j : j ∈ Ndm(i), ρj > ρi}
−1,otherwise
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CLUE Find and Assign Clusters

• Promote as seed if ρi > ρc, δi > ds
• Demote as outlier if ρi < ρc, δi > do
• Assign unique, progressive cluterId to each cluster
• Push the clusterId from seeds to other hits through the reversed chains of

nearest higher (followers)
28th August 2020, MR Clustering and Reconstruction in HGCAL 14
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Trackster construction using Cellular Automaton
• For each 2D layer cluster in a LayerN, open a search window in LayerN+1

⇒ Search uses a 2D histogram in η, ϕ

• Bin size is 0.05 (i.e. ∼ 70mm at η = 1.6 and 20mm at η = 2.8)
⇒ Search window is (3× 3) [(5× 5)] in the region η < 2.1[η ≥ 2.1] bins centred on the bin in which

the layer cluster sits
⇒ A layer cluster in this search window will make a doublet with the original layer cluster

• Doublets are linked if timing and two angular requirements are satisfied:
⇒ A requirement on the direction ( α ) of each doublet wrt the vertex (or wrt a track direction if this is

a track seeded iteration)
⇒ A requirement on the angle ( β ) between the doublets
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TICL Iterations
The following iterations has been implemented inside TICL
• track-seeded iterations (targetting electrons and charged hadrons)
• electromagnetic (electrons, photons)
• hadronic (neutral hadrons)
• MIP-like (muons)

▶ This will require some modification to the CLUE algorithm in order to have high
efficiency also for single cell (anti)-clusters.

▶ Work is in an advanced state
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Electrons and photons
• TICL has been tested on electromagnetic showers
• Preliminary results are extremely encouraging
• A full blown electron reconstruction with bremsstrahlung recovery being
worked out by EGAMMA POG using TICL tracksters.
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Hadronic iteration

• Unlike em showers, hadronic
showers vary in shape, they often
resemble a branching tree of blobs
or sub-clusters

• Testing an approach which attempts
to collect the whole structure as a
single trackster

• Initial results very promising.
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R&D Activities ⋄ Heterogeneous
Computing



Heterogeneous HGCAL Reconstruction
• The complexity of the detector and the extrapolated computing needs of

CMS pose challenges from the computation point of view
• Heterogeneous approaches are actively being explored and implemented
• 2D clustering has been fully ported and validated on GPUs

▶ Order of magnitude in speed-up achieved with identical results
▶ In addition to a similar speed-up in the CPU version

v CLUE CPU has about 30X speed up over previous clustering in CMSSW.
v CLUE GPU V3 gives an additional 6X on top of CLUE CPU in CMSSW framework.
v GPU run time (32 ms) also includes memcpy between host and device  (20 ms) and SoA conversion (6 ms). But they can be 

shared by other GPU reconstruction steps and can be partially hidden if multiple CUDA stream work on different events. 30X 
speed up over CPU if excluding memcpy and SoA conversion.

10/31/19 GPU-based Clustering Algorithm for CMS High Granularity Calorimeter. CHEP 2019. Adelaide, Australia. (Z.Chen) 13

CLUE in CMS Software (CMSSW) Framework

Use grid-based Spatial Index instead of KD-Tree.
Remove O(n2) loop and density sorting 

30x faster

6x 30x
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Conclusions



Summary
• The reconstruction in High Granularity Calorimeters at future colliders has

many unprecedented challenges:
▶ A “tracking” device with high hit multiplicity and precise time information

• TICL is being designed with throughput and modern sw techniques
▶ A unique opportunity since it is impossible to reuse software
▶ Fertile ground for the exploitation of neural networks
▶ Integrated in CMSSW but loosely coupled to it
▶ Allows to exercise the code frequently, validate it and profit from the CMS

software development infrastructure
▶ TICL is being developed with parallelism in mind:

• many parts have been/are being ported to GPUs
• Making it a common library would benefit experiments at future colliders and

contribute to TICL’s improvement by using it with different
topologies/geometries

• Increase the interaction with groups developing similar PF-like reconstruction
28th August 2020, MR Clustering and Reconstruction in HGCAL 20
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Questions?



home.cern

http://home.cern


Backup



CLUE pseudo-code: Main

Algorithm 1: HGCal clustering
for layer ∈ HGCal-Layers do

build tiles
calculateLocalDensity()
calculateDistanceToHigher()
findAndAssignClusters()

end
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CLUE pseudo-code: Density

Algorithm 1: HGCal clustering: calculate ρ

dc = value for EE, FH or BH
for i ∈ points do

for j ∈ tiles.searchBox(i,dc) do
if disti,j < dc then

i.rho += j.weight × (i==j ? 1:0.5)
end

end
end
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CLUE pseudo-code: Nearest

Algorithm 1: HGCal clustering: calculate δ

dc = value for EE, FH or BH
for i ∈ points do

delta = MaxFloat
nearestHigher = -1
for j ∈ tiles.searchBox(i,2dc) do

isHigher = (j.rho > i.rho) or (j.rho == i.rho and j>i)
if disti,j < delta and isHigher then

nearestHigher = j
delta = disti,j

end
end
i.delta = delta
i.nearestHigher = nearestHigher

end
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CLUE pseudo-code: Find and Assign Clusters
Algorithm 1: HGCal clustering: find seeds and assign clusters
dc = value for EE, FH or BH
nClusters = 0
buffer
for i in points do

ρc = κ * i.sigmaNoise
isSeed = (i.rho > ρc) & (i.delta > dc)
isOutlier = (i.rho < ρc) & (i.delta > 2dc)
if isSeed then

i.clusterID = nClusters
nClusters ++
buffer.push(i)

else
if !isOutlier then

nh = i.nearestHigher
nh.followers.push-back(i)

end
end

end
while ! buffer.empty do

i = buffer.back
buffer.pop-back
for fl ∈ i.followers do

fl.clusterID = i.clusterID
buffer.push-back(fl)

end
end
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Computing Motivations for Software R&D for CMS

Figure: Expected CPU Trend for the coming years Figure: Expected Needs from O&C for CMS

• A factor of 2 in improvements from CPUs evolution
• A factor of 10+ more resources, from Offline and Computing

⇒ A factor of 5 still missing
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